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ABSTRACT 
A review of the geotectonic settings of granitoids and various tin-
tungsten provinces in Europe, Malaysia and southern Africa shows a close 
spatial and temporal association of mineralisation to S-type ilmenite 
series granitoids. Granitoids with these affinities are derived from 
crustal anatexis and are most commonly found in continental coll ision and 
different ensialic, intraplate orogenic settings, (e.g. SW England, 
~lalaysia, Namibia) as well as in association with anorogenic magmatism 
(Nigeria, Brazil, South Africa). Tin-tungsten mineralisation is related 
to late- to post-tectonic granites, emplaced into areas of substantial 
tectonic thickening. Crustal anatexis leads to an observable 
calcalkaline chemical trend, with a source of gabbroic or amphibolite 
compositi'on through anatexi s to; mafi c-i ntermedi ate encl aves, 
para-autochthonous anatecti c granitoi ds (tonal i te, granodi orite) , to 
intermediate level quartz monzonite, granodiorite, biotite-granite, to 
1 ate-tectoni c hi ghly fracti onated muscovite-beari ng granites, and hi gh 
level porphyry intrusions. Mineralisation is spatially related to apical 
protrusions of the youngest most differentiated granite. Various 
mi neral i sed environments are recogni sed, i ncl udi ng endograniti c vei ns, 
primary disseminations, pegmatites and pipes, and exogranitic stockwork 
and fissure veins, and replacement bodies. A common factor to all these 
deposits is the inherent grei sen envi ronment, characteri sed by post-
magmatic metasomatic alteration and mineral 
mineral assemblages include 
and fluorite ~ topaz. Ore 
albite, 
mi nera 1 
deposition. Common 
quartz, muscovite, 
assemblages commonly 
alteration 
tourmal ine, 
display a 
scheelite), 
paragenetic 
foll owed by 
sequence of oxides (cassiterite, 
sulphides (molybdenite, pyrite, 
wolframite, 
pyrrhotite, 
Pb-Bi(Ag) chal copyri te, 
sul phosa lts) 
ankeri te) . 
spha 1 erite, arsenopyrite/loellingite, 
and then lower temperature carbonates (calcite, siderite, 
' Analysis of Pan African 
Saldanian Provinces) 
orogenic provinces in 
shows there is good 
southern Africa (Damara and 
potential for applying 
integrated exploration techniques in search of endo-exogreisen Sn-W 
systems. Careful analysis and interpretation of granitoid geochemistry --- .-
(K20, Na20, FeO/Fe203' F, B, Sn, W, ~Io, Cu, Rb, Sr, Ti, Zr) 
should aid delineation of Sn-W and Mo-Cu metallogenic provinces in these 
regions. Magnetic susceptibility determinations should also aid 
distinction of S-type ilmenite series (less than 1 x lO-4emu/ g ) from 
I-type magnetite series (more than 1 x lO-4 emu / g ) granitoids. 
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1. 0 INTRODUCTION 
The aim of this dissertation is to present an overview and comparison of 
the geotectonic settings and mineralised environments of several 
tin-tungsten provinces. Aspects of related granitoid genesis, typology 
and emplacement are discussed, with emphasis on their geotectonic 
setting. Case studies of more notable European deposits related to the 
Variscan orogeny (e.g. Cornubian, Iberian Peninsula), and the Halay 
Peninsula Sn-W belt are presented as a basis for comparison with kno,m 
and potentially mineralised regions in southern Africa. The latter 
, comparison emphasises the Pan African mobile belts (Damara, Saldania 
Province's) as opposed to the anorogenic Bushve·ld Complex. Implications 
for tin and tungsten exploration in southern Africa are assessed. 
Data and ideas presented are largely from literature research, although a 
substantial input pertaining to the southern Africa setting is from the 
writers own observations and discussions with other geoscientists during 
the 1984 MSc Exploration course. 
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2.0 ASPECTS OF THE GENESIS, E~IPLACEfIENT, METALLOGENY AND GEOTECTONIC 
SETTING OF GRANITES 
This section is but a brief overview of a broad and complex topic. The 
principal aim is to elucidate some details and classifications of 
granites relative to their geotectonic setting, as well as aspects of Sn 
and W geochemistry relative to particular mineralising environments. All 
these factors form a basis for later comment and discussion. 
2.1 Granite typology and cl assifi cati on 
There are, many different types of granite, whose different origins, may 
broadly reflect different tectonic settings. A great range of 
mineralogical and geochemical parameters are now available on which to 
base a reasonably precise granite typology (Chappell and White, 1974; 
Hine et al., 1978; Takahashi et al., 1980; Ishihara,1981; Didier et 
al.,1982). Granites can be formed by a variety of processes, including 
fractional melting, fractional crystallisation and even metasomatism 
(Pitcher, 1983), and different source rocks may be i nvol ved. The 
granites are often marked by subtle 
reflect the diverse evolutionary paths. 
compositi onal differences, whi ch 
Furthermore the environments of 
granite generation vary, and may be related to variable 
orogenic/anorogenic settings. A broad categorisation by Pitcher (1979a) 
of orogenies into Alpinotype, Andinotype and Hercynotype (Fig. 2.1) 
serves as a basis to discuss the genetic connection between granite type 
and tectonic environment. Tables lA, 8 broadly categorise granite types, 
Alplnotvpe 
Pericontinental trench 
eugeoc linal basin 
Sedimentation in marginal trough 
Ophiolites 
Blue· schist metamorphism 
Ultrabu ics , gabbros 
Bathol.ths absent 
Uf\derlhrustif\9,muCh ShOrlef\lf\g 
Andinotvpe 
Continent-lip 
intra· arc' basin 
Sedimentation In fault margin 
furrows 
Andesites 
8urial metamorphism 
Ton31,Ie5 ',' type 
Oishormon ious IDaly) cauldron 
bl1hollths feeding volcanoes 
Vertical movemef\t,mif\.mal 
shortef\;f\g 
Hercynotype 
Intracontine ntal 
'back.- arc' basin 
Sedimentation on fla nks 01 suture 
Regional low-pressure metamorphism 
Mlgmatites,granites '5' ty pe 
Harmorllous tSuessl diapH 
balholtlhs 
TectOniC shortef\;f\g 
Figure 2.1: Schematic diagram of three orogeniC environments to 
illustrate the differing environments 
(Pitc~er, 1979b) of granitic rocKs 
Table lA: 
PllIgioKfllnitc subordinau: to 
gabbro 
Hornb1c:ndc and bioti te: 
pyroxc;ne, magnetite 
K·fddspar interstitial 
micrographic 
Balk igneous ;,:coo\;lh.\ 
Mol 
AI/eNa + K + y) < 1.0 
InilialllSrf"lSr ratio" 0.704 
Small, quartz diorite-gabbro 
composite plutons 
AssOCiated island-arc 
Yo1caninn 
Short, sustained pluto nism 
Ocuni, island·;ue of Fijian-
typo:: 
Open fnldin .\{: buri,,!-typc 
ml:l,J.m"rrhi .~U1 
Purphyry-Cu. Au, 
rriincr.3liu.[inn 
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Grani te types, 
(Pitcher, 1983) 
characteri sti cs 
!·type' (Cordilleran) 
Tonalite dOln;n;"!o! bUI hroad 
rnmpoJitinnai Jprt!rum -
dinrite to mnnl.()~r;'\nitc -
..... ith wide 5;0/· r;\0)1;('. Major 
associat ion with gabhrn 
Hornbk"uC' and biotite: 
magne'tile. ~phcnc 
K-fddJP;U intend ti.! and 
xcnomnrphic. pink in hand 
specimen 
Dioritir xenoliths, may 
rep re3en! res\ilic materi"l 
< 0.706 
Creat multiple , linear 
batholiti13 wi th :urays of 
compo.~ite cauldrnns 
I -type (Cain-Ionian) 
CrMHKliorile·gT:lnite in 
{~fI/'lJl/td llHf)(;"tion wilh 
minor bodies of 
hornhlende diorite :lnt! 
gabbro 
Biotite predominates; 
ilmenite and magnetite 
K·fc1chpar generally 
interstiti,,1 :lnd invasive, 
pink in hand specimen 
MiXed xenolith 
~pulalions 
>0,705 <0,709 
Dispersed. isolated 
complexes of multiple 
pluton s and sheets 
ASSOCi:lted with great volumes Somctimes associated 
andesite and dacile basalt - andesite lava 
'plateaux' 
Very long·duratiun cpisodic 
plutonism 
Andinotype m:lrgin;ll 
ennrincnt;llare (.11'111 snme 
isl;lnd·arr~. e.g. Ncw GuinC'a) 
\·rrlil;lllllnvClllC'rH~. Ji rtk 
];lll'r;l! shortcnin!-;: lturial·tYr< 
mct;lmnrphism 
Porphyry·Cu. Mo, 
minrraJi';Hion 
Short, sustained 
plutonism; post·kincmatic 
C"kdonian·tyrc pmt· 
du~ure uplirt 
Oip.slip and Jlrike·slip 
f;luhin!o:: rt'tTllXr:ltlc 
mClam'lrphism 
RaT":!), strnn!-:ly 
miJ1erali~nl 
and geo l ogi cal environments 
S-type 
Cr"nitt'S with hi~h but narrow 
r"n~e of SiO,. LC\lcocr"tic 
monzogranites vredominMe bUI 
granitoiu, with high biotite 
content locally important. 
Au\ometasomalic variants 
Muscovite "nd red biotite; 
ilmenite. mona:!:ite. garnet, 
eoruieriTe 
K·feld$par oftcn as megacryns 
with protracted hislOry, while in 
hand specimen 
M etuedimt:ntary xenoliths 
predominant 
AI/(Na-tK-t~»1.05 
>0,708 
Multiple batholiths, plutons and 
snce\$, less voluminous and more 
commonly diapiric than I·ty?<,s 
A-type: 
BiOtite grani te in evolving 
series with alkalic granite and 
syenitc. Highly contrasted 
acid·basic relation~hip 
Creen biolite. Alka.li 
amphiboles and pyroxenes in 
alkalic types; aSlrophyUite 
Penhitel 
Cognate xenoliths, abo ba~ic 
magma blebs 
Of!en pcralk.aline t relatively 
rich in f 
Considerable range 
0.703-0.7l2 
Multiple. centred. cauldron · 
complexes of rc!ath'c\Y small 
\'olume 
Ci\n be a .~sociatecl ..... ith cordieriTc· Associated with caldera· 
bearing la\'as but 'celured alkalic lavas 
chilracteristically lacking in 
voluminous volcanic equiva!cnts 
Sustained plutonism of moderate 
duration; 'yn· "nd ~st ·kincma!ic 
HI'rcynm)'pc ('nntint'ntal oblique 
collision. Al~1l cncratonic dlll,tile 
~hl·ar·belts 
"'Iurh shnrl('ni,,!-;:; Inw·prc~~urc 
I11clamllrphism in slatc helts: 
as.~ucialcd with a C'lJflil( S<"in 
So and \\"Krciscn "nd vein·tffX' 
mincr:lli~atil)n 
Shorl,lived phltonilm 
Post·oro~cnic or an()rogcnic 
~i(Uatinns 
Dwninx amI rift inK 
Columbite , cusilerile and 
fluorite 
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Table lB: Comparison of I-type/~lagnetite-SE:ries and S-type/llmenite-
series granitoids 
I-type or magnetite-series granites 
Mantle source 
Tend to be the acid end of a broad 
compositional spectrum from basic 
to acid 
High Na20 contents:-
over 3.2% in felsic varieties, 
over 2.2% in mafic varieties 
Mol. A1203/Na20+K§0+Ca§o less than 
1.1. Low initial 7Sr/ 6Sr ratios 
(less than 0.708). Normal range of 
Delta180 values (approximately 6-10%, 
SHOW) 
C.I.P.W. normative diopside or 
less than 1% normative corundum 
! Linear variation diagrams 
Magmas with relatively high fO Z' 
re l atively high Fe+3/Fe+2 ratios 
(esp. in biotite), bulk Fe Z03/FeO 
over 0.5, magnetite present 
Hornblende and sphene common 
I·iagnetite 0.1-0 .2% by volume, with 
accessory ilm, hm, py. 
Depletion in lithophile elements 
S-type or ilmenite series 
crustal source 
Tend to occur in restricted ranges 
of only acidic composi tions 
Rel. low sodium contents: less than 
3.Z% Na 20 with rocks +5km KZ) 
1'101. A1203/Na20+K20+CaZO over 1.1 
High intial 87Sr / 86Sr ratios (over 0.708) 
Enriched in 180 (greater or equal 
to 10%, SHOW) 
C.I.P.W. normative corundum over 1% 
Irregular variation diagrams 
+3 +2 . l ow fO Z' low Fe /Fe ratlos, bulk 
Fe 203/FeO less than 0.5, ilmenite 
present 
Muscovite, monazite , cordieri te 
and garnet common 
Ilmenite less than 0.1% by volume, 
with accessory po, graphite, 
muscovite. 
Enrichment in lithophile elements. 
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thei r characters and geological environments. Obvi ously such 
categorisations are a simplification, especially as each mobile belt 
(e.g. such as the Variscan and Damaran) is always, to a certain degree, 
unique. Generally in ocean-continent plate-margin orogens, which involve 
external, volcanogenic troughs, floored by oceanic crust and undergoing 
hi gh pressure - low temperature metamorphi sm, grani te magmas are rarely 
developed. On the other hand those involving internal volcanogenic 
troughs, overlying continental crust and undergoing non- deformative 
depth metamorphism, support vast multiple batholiths consisting of a 
broadly compositional series of I-type magnetite series granitoids (Table 
lA, B) e~placed over a long period. These granitoids are typical of 
volcano-plutonic. arcs. They differ signficantly from those generated 
within intraplate orogens, which include continental-plate collision and 
intracontinental rift settings, and support low P-low to high-T 
metamorphism, as well as generating smaller batholiths over lesser time 
intervals. These batholiths are compositionally dominated by S-type 
ilmenite series granitoids (Table lB). The contrast between I-type 
magnetite and S-type ilmenite seri es granitoi ds is further enhanced by 
general di fferences in the metall iferous ore associ ati on-porphyry Cu or 
Sn-W greisens and vein-type respectively. 
Both these types of magmas may experi ence fracti onati on 1 eadi ng to more 
evol ved compositions, and both may be contaminated before, during or 
after fractionation. Thus a wide range of compositions can be effected, 
and discrimination between any given granites must be approached with 
caution (Beckinsale, 1979). None of the distinctions in Table lA can be 
taken as absolutelY rigid, although they certainly are helpful for 
applying criteria constraining possible source regions (mantle vs. 
continental crust), and likely environment and/or style of mineralisation. 
In essence r,l-type granitoids (Table lA) 
oceanic-island arcs and which grades 
include the plagiogranite of 
into an I-type (Cordilleran) 
representi ng the vol umi nous gabbro-quartz di ori te-tonal ite assembl age of 
active continental margins. I-type magnetite series (Cordilleran) is 
separate from an I-type (Caledonian) representing granodiorite and 
granite of the immediately post-orogenic uplift regimes. S-type ilmenite 
series granitoids are sharply contrasting, incorporating the peraluminous 
granite assemblage of encratonic and continental-collision fold belts, 
and an A-type (Loiselle and Wones, 1979) which includes the alkalic 
granites of both stabilised fold belts and the domal swells and rifts of 
cratonic terranes. 
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~Iany of the contrasts between I-type magneti te seri es an d S-type ilme ni te 
series are a consequence of different mechanisms of crustal deformation, 
because these dete rmine the duration of the processes, the degree of 
participation of mantle-derived basic rocks, and even the nature of the 
lower crust (Pitcher, 1979b). Aspects of the genesis of these magma s are 
discussed below. 
2. 2 Genesis of granitic magmas 
The tYPo'lo91 and c1 assificati on of granites out1 i ned above is 1 arge1y 
conditional to the actual mechanism of magma genesis. Classic debates 
have considered granites to be derived by 
1) differentiation or contamination of basaltic magmas, 
2) partial fusion of continental crust, or 
3) metasomatic transformation of the crust by aqueous emanations or 
solid state diffusion. 
Source materi a 1 s were either mant1 e peri dotite for basalt (and perhaps 
the aqueous emanations) and the base of metamorphosed volcano-sedimentary 
piles in the continental crust. A third potential source of si1 icic 
magmas (the subducted oceanic crust) was introduced with the advent of 
convergent p1 ate boundary tectoni cs, in parti cu1 ar accounti ng for the 
eruption of andesites and the intrusion of calc-alkaline granitoid 
batholiths in . is1and arc settings. 
Each of the three magma sources, mant1 e peri dotite, continental crust, 
and subducted oceanic crust, has a distinct geochemistry (Wyllie, 
1983b). This has led to many of the above classifications of granites, 
including those proposed by Chappell and White (1974), White and Chappell 
(1977), (1- and S-type granites), and Ishihara (1977, 1981) (magnetite-
and ilmenite-series granitoids) (Table 1B). 
These t,,:o II seri es II O J' gNn;t~i"< aro c~nsl'do~ed (ceo Ish'ha~a 1081) '0 , , "' .. • " ..... I ......... .... v II .... , .:>.... I I I I , 'J I,.. 
have resulted from the preva1 ence of different oxygen fugacities duri ng 
the evo1uton of granitic magmas. Disassociation of water in the hydrous 
magmas is a main oxidising agent for I-type magnetite series magmas, 
whilst incorporation of crustal carbon is the most essential reducing 
media for S-type ilmenite series magmas. 
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Wyllie (1983a, b) assesses the generation of granites in the subduction 
setting. He concludes that granitoid intrusions, especially those 
domi na ted by tonal it i c 
crustal contributions. 
and dioritic compositions, include mantle and 
Importantly most granitic 1 iquids are 
cannot be deri ved from primary melts from 
or subducted oceanic crust because these 
undersaturated in H20 arid 
either mantle peridotite 
compositions cannot yield liquids rich in 5i02. Recent geochemical 
investigations (Atherton and Tarney, 1979; Green, 1980; Kay, 1980) all 
favour complex mUlti-stage models and also advocate a mixed mantle -crust 
origin for many granitic rocks. The calc-alkaline batholiths and 
eruptive rocks in island arc settings are thus seen as the end products 
of deep-seated, complex, mUlti-stage processes (Fig. 2.2). 
In accounting for this, Wyllie (1983a, b) invokes a model whereby 
regional metamorphism, migmatites and granites are produced by massive 
influxes of heat carried largely by fluids, but partly by magmas, rising 
from the mantle. This applies especially to subduction zones where wet 
crustal wedges are dehydrated and partly melted. The fl ux of fl uids, 
especially H20 and CO2, efficiently carries heat upwards and the 
combination of an enhanced heat flow with increased water promotes 
partial melting (anatexis) of the crust to produce granite magma. H20 
undersaturated basic magmas are produced by partial melting of mantle 
peridotite above dehydrating subduction zones, and the basic magma rises 
up into the crust at high temperatures, hybridising with crustally 
produced magma to give typical batholithic complexes composed of tonalite 
to granite (I-type magnetite series) with variable crustal and mantle 
derived components. 
These concepts can equally be appl ied to the generation of granites 
beneath continents. If anhydrous mafic magma, derived from the mantle, 
is emplaced into the lower crustal rocks of continental regions, large 
quant i ti es of H20-bea ri ng melts wi 11 form due to 'equi 1 i brati on between 
the magma and crust, leading to anatexis and assimilation. The melts 
produced range from dioritic to granitic, depending on the nature of the 
source rocks and their H20 content. 
The H20 content of the magmas is an extremely critical 
genesis, and is considered to have direct effects 
emplacement as well as on the metallogenic association. 
facet of granite 
on the mode of 
In this respect 
® 
Island -arc 
tholeiite series 
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----
- Basalt, gabbro, 
greenschists, amphibolite 
Sinking peridotitic lithosphere-
/~ 
Amphibolite / / :: - - - - - - - -
I / / / / / t '/ '/ '/ ''/ 
. I / I 80-100km , 
.. Eclogl te+ H20 / "' " . / " " 
T < 650'C / "" / / 
/ / / 1/ ",,/ ~" /" / 
I / / / PYROLITE ,,"" 
/ / 1;" "" "/ /" / / 
CALC - ALKALINE 
VOLCANICS 
/ / / /" , 
Figure 2.2: Early and late s tages in the petrological evolution of an 
island arc. (a) Involves dehydration of subducted amphibolite, 
introduction of water into the overlying wedg e and gene ration 
of island arc th oleiite igneous series. (b) Involves partial 
me lt ing of subducted ocea nic crust and reacti on of 1 iquids 
with mant le above Benioff zone leading t o diapiric uprise and 
formation of ca1calka1ine magmas (after Ringwood, 1974) 
a. 
b. 
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Strong (1981) envisages two environments for mineral deposits of granitic 
affinity 
a) where there are large volumes of H20 at deep levels, 
muscovite-bearing, silica-rich minimum melts which 
mineralisation, and 
with primary 
foster Sn-W 
b) where H20- poor, intermediate composition 
biotite bearing subvolcanic intrusions 
mineralisation (Fig. 2.3). 
c. 
Bock-Arc Thn.l$l a,1I 
Tron.form 
foull Zan . 
magmas 
wi th 
yield amphibole-
porphyry styl e 
looeli.... Inocl [ .... 
Principal Inner 
Arc " Arc Mo-F-U 
..._''' ... /"'_ ~ ":; : ... , .... , ; 'r~ ., ... .: .. , "',---:; ,. 
_ .. -I .... ,' \- \',1 \_""_'":1",/\'_)",,-;,,, \ ........ 
,,
-'~R-:;~::'~ (:;::-!-:"y.-'," 
Moomos .......... AslI'llnospheric 
Upweliino 
Rifl with 
Co-Pb-Zn Blmada, ' Bock-Ar 
Inoelh. Principal Ar~ Pb.Zn-AQ Sn-W Cu AQ_Au Vo leonu", Bo:sin 
Figure 2.3: 
d. 
s. Type Moomos 
Schcmati7.cd rc hl lionshirs between styles or subduction and arc metallogeny, (n) Moder-
.Ite to sleep subduction with emplacement or Cu-fc-Mo-Au-Ag deposits in principal arc; neutral 
stress regime. (b) Shallow subduction with emplacement or Pb-Zn-Ag-Cu deposits and Sn-W-U in 
inner arc belts; compression<ll regime. (c) R~lpid steepening or detached, rrccly sinking slab due to 
tr;:lnsition rrom subduction to transrorm margin, with emplaccment or lithophile element-type de-
posits; extensional regime. Cd) Steep subduction and commencement of intra-arc rifting with em-
placement of Kuroko-typc deposits in a subm;trine setting; extensional regime. (from Silliloe, 
1981 a; In SQ..v!(,ns, 1934) 
Both Strong (op. cit.) and Hyndman (1981) advocate the control of granite 
melts by the breakdown of hydrous phases such as muscovite, biotite and 
amphibole at successively higher temperatures. Highest 
availabil ity would be for muscovite, and lowest for amphibole, and as a 
consequence advanced melti ng at hi gher temperatures will produce 1 ess 
silicic melts or magmas. These are hornblende or biotite bearing, 
(constituting I-type magnetite series) as opposed to the former which 
would be muscovite bearing (S-type ilmenite series) . I-type magnetite 
series magmas are capable of rising and intruding to higher levels in the 
crust before they reach their solidus curve and crystallise. Hence they 
are capable of venting at surface to produce volcanic-plutonic 
complexes. These high-level subvolcanic plutons commonly are host to 
porphyry-type mineralisation. By contrast, in S-type ilmenite series 
granitoids the presence of primary muscovite limits the crystallisation 
conditions of the water-saturated magmas, and leads to crystallisation 
before the melts rise to lower pressure regimes (Hyndman, 1981). These 
muscovite bearing leucogranites commonly host Sn-W deposits, and are more 
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typical of deeper level metamorphic terranes, commonly with associated 
alteration and mineralisation assemblages inherent to the greisen 
environment (see section 2.4). 
2.3 Emplacement mechanisms 
It is widely accepted that most granite batholiths consist of multiphase 
plutons intruded during an extended episodic thermal regime. Some of the 
differences in various settings in terms of volcanic association, 
compositfon and genesis have been outlined above, and can be carried to 
include the mode of emplacement. The nature of the crust may determine 
whether the magmas fill predominantly cauldron or diapir batholiths, the 
former related to tensional regi mes such as at continental 
margin/subduction zones, the latter in compressive, ductile regimes such 
as within intracontinental orogens . 
There are fundamental differences in these concepts, including the actual 
fluid chemistry of the magmas. ~lagmas filling cauldrons, especially the 
relatively 'dry' magmas of destructive plate margins, are rapidly 
emplaced in narrow conduits, creating a narrow heat plume within a cool 
upper crust. These hot magmas are deri ved at 1 east in part from the 
mantle, and their suffici ently low viscosity allows differentiation 
within chambers, producting volcanic derivatives (Pitcher, 1979a; 
Strong, 1981). 
Diapiric magmas occur within the broad heat plume of a warm, ductile 
crust, forming globular bodies which diapirically expand within their 
ductile envelopes. These magmas are significant for their 'wet' nature, 
i.e. H20 over 2.0% (Burnham, 1979). Initially the diapirs ('globules' 
of magma ) ascend in a bell-shaped form, with constriction of the base and 
i nf1 ati on of the upper parts, formi ng a mushroom shape. Further ascent 
of the magma causes the ductil e envelope to close in around the tail of 
the ascending diapir. At high level s the ductility of the crust 
decreases and the magma sti ffens due to cool i ng, shou1 deri ng as; de or 
updomi ng the adj acent country rock (Holder, 1978) . Thi s ' pi ercement' 
mechanism may culminate in the pluton punching through the crust where 
there is little overburden (Pitcher, 1979a). Such forceful intrusion is 
characterised by smoothly concordant contacts, upward drag of the 
surrounding envelope and radial and concentric fracture patterns in the 
roof zone . 
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Alternatively, in some high-level plutons, the magma may remain mobile, 
and concordant diapirs then evolve towards the angular discordant 
cauldrons as stoping becomes the dominant means of uprise (Holder, 1978; 
Pitcher, 1979b). Deformational and thermal recrystallisation effects in 
the country rock are not pronounced. 
Deeper-seated plutonism, in which the ductil ity contrast between the 
pl uton and envelope is small, may result in the pi ercement mechani sm 
being modified by the mechanism of radial distension, in which the diapir 
expands outwards in pulses, like a balloon, due to the input of new magma 
into its core. In these cases there is generally a lack of evidence for 
upward drag, and thermal metamorphic minerals (e.g. chlorite, cordierite, 
andalusite) may "show considerable flattening, imparting a schistosity to 
the periphery of the pluton and the envelope . 
The reader is referred to Bateman (1984) for a recent di scussi on of 
aspects concerning diapirism and granite magmas. 
2.4 Aspects of Sn and W geochemistry in mineralising environments 
Both Sn and Ware incompatible elements that concentrate in highly 
fracti onated melts, and, due to parti ti oni ng effects, may become 
preferentially enriched in hydrothermal solutions. This section briefly 
consi ders aspects of the geochemi stry and transport processes of these 
elements, and the consequent mineralising environment that they are most 
commonly found. 
Tin 
The geochemical special isation of Sn-bearing granites (i .e. their 
enrichment in Sn, F, Li, B etc) is due to enrichment in residual liquids 
thought to be controll ed by the ox i dat ion s tate of Sn in the melt in 
respect to conditions of high or low oxygen fugacity (Lehmann, 1982). 
T ~,,~~ -'-~-~'~e -e"~'-s m'gm's Sn can be ~e~rav"-n~ (Sn+4 ) and l"n 
.... -r...JP'(.: llIa~llcr...I'" :> I It:: 110. 110. I L. l. Olt: II.. , 
In 
the 
early crystallisation stage of differentiaion is capable of substituting 
for Ti+4 or Fe+3 in femic minerals such as sphene, magnetite, 
ilmenite, epidote-group minerals and hornblende (Ishihara et al., 1979; 
Ishihara, 1981). This substitution limits the availability of Sn to 
concentrate in resi dua 1 fl ui ds. In S-type i 1 meni te seri es magmas, on the 
other hand, Sn may be divalent (Sn 2+), and has no suitable substitution 
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site in the rock-forming minerals. Thus Sn is more readily available for 
accumulation in residual melts . Consequently, if an original magma is 
specialised in Sn and transport media (e.g. F, Cl, see below), tin 
deposits can be formed in the apical parts of the granitic magma. The 
presence of S-type ilmenite series granitoids is thus considered a 
prerequisite in major tin fields (Ishihara et al., 1979). 
The means and conditions of Sn transport in hydrothermal fluids are 
varied and complex. Available partition coefficients (Holland, 1972; 
Burnham, " 1967, 1979) indicate that early formed hydrothermal f1 uids tend 
to be enriched in C1- or CO 2, The relative proportions of CO 2 and 
C1- present in the fluid phase depends on their initial concentrations 
in the melt, and on the confining pressure. Fluid phases formed at high , 
pressure are likely to be CO 2-rich and halogen-poor, while later and/or 
lower pressure fluids would be halogen-rich and CO 2-poor (Burnham, 
1979). Consequently complexes involved in the transport of metals such 
as Sn (and W) in such contrasti ng f1 u i ds may well be different. 
Cassiterite (Sn02 ), due to its greater stability, is the most common 
Sn-bearing mineral in hydrothermal mineral deposits. This mineral is 
commonly associated with fluorite and/or tourmaline, which is largely a 
consequence of the nature of the Sn-bearing solutions and the mode of Sn 
transport in these solutions. A variety of mechanisms have been 
suggested for the transport of Sn in hydrothermal solutions (mostly under 
highly alkaline conditions and assuming the valency state of tin to be 
Sn+4 , e.g. K1intsova and Barsukov, 1973; K1intsova et al., 1975). 
Patterson et al. (l9Sl) consider that in a reduced sulphur field and at 
elevated temperatures over geo1 ogi ca 11 y reasonable pH ranges, di va 1 ent 
tin cornp1exes are the likely form of tin transport. Sn2+ readily 
complexes with F-, OH- and C1-, and the role of these ligands is 
probably a critical aspect of tin transport. 
Sn concentrations due to hydroxyl comp1exing Sn{OH)o, Sn{OH)-, 
Sn(OH)+ are extremely low at all but very low f0 2 conditions or at 
extremes of pH, and therefore hydroxyl complexes seem unlikely to make a 
si gnifi cant contri buti on to hydrothermal Sn transport. Concentrati ons of 
Sn due to F comp1exing {Sn F+)are a1 so low except at low pH and/or high 
fluoride concentrations, although higher fluoride complexes may be more 
significant, analogous to chloride complexes. F appears likely to be 
involved in Sn transport in only very saline solutions. Sn is considered 
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to be readily transported as a stannous chloride complex (SnCl-) in 
conditions adequate for the fonnation of Sn mineralisation (low pH, low 
f0 2, Patterson et al., 1981). Similar mechanisms wou ld precipitate 
cassiterite and accompanying sulphides, namely an increase in f0 2 , an 
increase in pH, a decrease in temperature, or some combination of these. 
Sn concentrations would be increased at higher chloride concentrations, 
lower pH, and/or higher temperature (Patterson et al., 1981) . 
Conditions causing precipitation of cassiterite (above) are very similar 
to those· for wolframite (see below), and it appears that in a Sn/W 
bearing solution cassiterite (and wolframite) would precipitate earlier 
in slightly more acidic conditions with scheelite later at slightly 
higher (neutral-alkaline) pH levels. 
Tungsten 
Tungsten is a transition metal element with complex chemistry, capable of 
encompassig a wide range of oxidation states. In nature however it is 
found almost exclusively in a hexavalent (W+6 ) state within oxygen 
compounds, and otherwise as the sulphide species tungstenite (WS 2 ). 
Two principal groups of oxotungstate compounds are known as mineral s, 
typified by wolframite (Fe, ~ln)(W04) and scheelite (CaW04). Other 
less common minerals, which form a solid solution series with wolframite, 
are ferberite (FeW04 ) and hiibnerite (I~nW04 ) (Evans, 1974). 
In a crystallising magma that is specialised in 
concentrated in H20-rich residual solutions 
subcritical temperatures (less than 500·C) 
tungsten, the tungsten is 
(Krauskopf, 1970) . At 
in 
silica, transportation may be provided by W-bearing 
HaSi(W207 )6' Ivanova and Khodakovsky, 1968). 
solutions containing 
heteropolyacids (e.g. 
Experimental data (Foster, 1977) indicate that it is possible to mobilise 
W in chloride- bearing hydrothennal solutions in sUfficient quantity to 
allow later deposition in economic concentrations. Investigation of 
scheelite solubility in dilute KCl solutions (0.511, IN) buffered with the 
sol id phase assembl age K-fel dspar-quartz-muscovite showed that 
solubilities increase exponentially from approximately 60ppm at 300·C to 
more than 1000ppm at 550·C (Fo ster, 1977). ~lo1ecular hexahalides 
(WC1 6) probably persist at near 
partitioning molecular H2W04 may 
magmatic temperatures, 
become the domi nant 
but after 
W speci es 
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(Foster,1977). At sub-critical temperatures the major species are 
ionic, controlled largely by pH (Fig. 2.4). Four main parameters are 
postulated to control the transport and deposition of tungsten, namely 
temperature, f0 2JfS 2 , a(Ca
2+)J(a(Fe2+) + a(~ln2+)), and pH 
(Foster et al., 1978). Scheelite deposition at supercritical (over 
500·C, 1000 bars) and near-critical temperatures is a function of 
temperature variation, and aqueous activity of the ratio 
aCa2+JaFe2+. Assuming an initial Cl-rich brine, slightly 
alkaline solutions (i.e. aCa2+ greater than aFe2+) favour the 
deposition of scheelite. However, at high . f0 2 levels and where 
aFi+ is greater than aCa2+, wolframite will be deposited, while 
at lower· f0 2 levels Fe-sulphides may form (Foster, 1977). Higgins 
(1980) however suggests, from fluid inclusion evidence, that at high 
pressur:es fluids are dominated by CO 2 with very low Cl values and 
that W is transported in carbonate/bicarbonate complexes. 
The role of Fin the hydrothermal transport of W is di ffi cult to assess 
(Foster, 1977). At lower temperatures (about 300°C) oxyfl uori de 
complexes may increase W solubilities, especially where the concentration 
of F- is excepti ona lly hi gh (I vanova and Khodakovsky, 1968). Studi es 
of acidity - salinity diagrams in terms of mineral equilibria in greisen 
(see below) and porphyry deposi ts i ndi cates that scheel ite is formed 
under low HF and KF acti vi ti es, whil e wolframite occupi es a fi e 1 d of 
higher HF and KF values (Burt, 1981). This explains the common 
association of fluorite (CaF 2) and topaz (A1 2 Si04 (F, OH)2 with 
wolframite (and cassiterite) occurrences. Burt (op. cit.) al so shows 
that as the F content of a system increases the anorthite content of 
plagioclase and other calcic phases (e.g. sphene) decrease, or become 
unstable, making Ca available to form fluorite. In some systems, where F 
appears low, this Ca is sometimes taken up to form scheel ite (Pirajno, in 
press). Westra . and Keith (1981) further illustrated this apparent 
disassociation between F and scheelite, noting that scheelite is common 
(but without cassiterite) in calcic magma series, which have low F 
vaiues, whereas in caic-alkaline magmas wolframite or hubnerite occur 
together with Sn and Mo, and F is enriched. 
As will be seen from later sections, significant Sn and W mineralisation 
is commonly related to transport mechanisms and partitioning effects that 
are inherent to greisen environments. It is pertinent here to lay a 
basis for further discussion by briefly reviewing aspects of this 
envi ronment. 
'" .~ 
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Figure 2.4: 
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2.4.1 The greisen environment 
Greisen rocks are formed as a result of post-magmatic metasomatic and 
hydrothermal activity on a crystallised granitic body (endogreisen) and 
adjacent country rocks (exogreisen) (Shcherba, 1970; Pollard, 1982; 
Pirajno, in press). Generally greisenisation affects high level granitic 
stocks or sheets emplaced in favourable structures within argillaceous-
arenaceous rock sequences. The variety of mineralised settings discussed 
here can be assessed in terms of the probable depth of emplacement of the 
granitoid intrusions (Fig. 2.5), coupled with the potential interaction 
of mineralised fluids with favourable lithological horizons (Figs. 2.6, 
2.7, 2.8). It has alreadY been emphasised that Sn-W mineralisation is 
commonly spatially and temporally related to S-type ilmenite series 
granites. A fractional crystallisation sequence from hornblende 
granodi ori te through bi otite to biotite-muscovite granite is advocated 
for the Sn-rich granitoids and which occurs in Europe, Halaysia (I'lain 
Range) and southern Africa. 
The Brandberg North area (Damara Provi nce) appears di sti nct from others 
discussed in that granite cupolas associated with mineralisation have 
formed conspicuous circular structures, and within which, after probable 
polyphase di apiri c empl acement and subsequent coll apse, 1 ate stage Sn-W 
bearing fluids have migrated upwards along planes of weakness. Granitoid 
terranes in Europe, Malaysia and South Africa don't appear to have 
documented circular features, but as they occur eleswhere in the world 
(e.g. New Zealand) it is feasible that they are an inherent feature to 
there regions either not readily discernable, not described, or since 
eroded away. 
Greisenisation (qtz-musc-tourmaline .!. F, Li-bearing minerals) and oxide 
and sulphide mineralisation are localised in the apical portions of 
cupolas where the most intense metasomatic activity occurs, effects of 
which dec rease with depth (Taylor, 1979). The emplacement of such 
cupolas (endogreisens) invariably is accompanied by veining, of limited 
vertical extent, depending on the nature of pre-exi sting fractures. The 
vein systems are often superimposed sheeted systems (common to all the 
deposits described here) due to the combination of radiating fractures 
from intrusion and subsequent collapse. Endogreisen systems appear to be 
emplaced at shallow levels (2-6km, Fig. 2.5), where epizonal 
emplacements have associated vein systems, or else may evolve into 
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porphyry type intrusions with allied mineralisation. It is significant 
that some of the Bolivian and ~Iexican Sn deposits are hosted within 
porphyry systems, wh ereas Cornubian, Nalaysian, Iberian, Central-Western 
Europe and southern African deposits are all deeper seated deposits with 
related pegmatites and more importantly greisens (Fig. 2.5). 
The critical factor in the evolution of mineralised greisen, porphyry and 
similar hydro thermal systems is therefore the development of a cupola or 
magma chamber above a parent batholith, essentially filled with high 
silica magma enriched in lithophile elements (I·lutschler et a1., 1981). 
These domes or chambers may be O.5-l.5km in diameter and may extend more 
than 2-3km above the parent bathol ith, to within l-3km of the surface 
(~Iutschler, et a1., 1981). Lithostatic confining pressures at th e top of 
the cupola would be about O.3-1.0kb with about 2 .5-4.00wU H20 content 
(Burnham, 1979). Processes that may enhance concentration of Sn and 101, 
plus other lithophile elements in these apical zones include: 
il ~Iagma differentiation by fractional crystallisation - ~lcCarthy and 
Groves (1979) report that prolonged crystal fractionation of a 
quartz-monzonite magma can result in the formation of a highly 
differentiated granite melt enriched in volatiles and 1 ithophil e 
elements. 
ii) Liquid-state thermogravitational diffusion (Shaw et al., 1976; 
Hildreth, 1979), which allows migration of elements to take place 
in response to the thermal and gravitational field within a water-
undersaturated stationary layer 1-2km thick at the top of a 
convecting magma column. A cupola may form which is enriched in 
101, Sn, 140, Nb, Ta, U, Th, Rb, and volatiles including F, B, Cl, 
and depleted in Mg, Sr, and Ba (Hildreth, 1979). 
iii) Vapour Phase Partitioning: Following vap our-saturation in the 
magma numerous constituents (i ncl udi ng 101, Sn, 1·10) may be 
partitioned into the vapour phase (Holland, 1972). Gravitational 
rise of the vapour phase and rapid diffusion of magma constituents 
through the vapour phase may concentrate volatiles, alkalis and 
incompatible elements at th e top of the magma column (Jahns and 
Burnham, 1972), and introduce these components to an overlyi ng 
hydrothermal system (Burnh am , 1967, 1979). 
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iv) r~agma Convection was proposed by Whitney (1975) as a means of 
concentrating metal - and sulphide-bearing hydrothermal fluids 
derived from a large magma volume at the top of a magma chamber. 
As cool ing and crystall isation proceed, a vapour-saturated cap forms in 
the roof portions of the cupola, and partitioning of a supercritical 
phase occurs - the process of second, or resurgent, boiling (Burnham, 
1979; Burt, 1981). 
This is a critical stage in the evolution of porphyry and/or deeper 
seated grei sen depos its, as substantial increases in fl ui d pressures may 
occur, which upon exceedi ng the 1 ithostati c confi ni ng pressures, may 
cause hydraulic fracturing and failure of the roof zone - either allowing 
s il i ci c magma to ri se upwards, or the exp los i ve escape of fl ui d and 
vapour phases. The ascent of the supercritical fluid marks the 
initiation of a magmatic-fluid dominated hydrothermal stage, a process 
leading to ore deposition. The formation of these hydrothermal fluids by 
partitioning (often by boiling) of a supercritical fluid phase and a 
vapour phase resul ts in 1 i ghter speci es such as HF, HCl and H3B03 
being partitioned into the vapour phase whilst heavier saline species 
such as KF, KC1, and K3B03 remain in the brine or melt (Burt, 1981 l-
In the vapour salinity decreases markedly and there is a concomitant 
increase in acidity - the reverse applying to the residual (melt or 
brine) fluid phase. The result is a clear separation of chemical 
propert i es, causing potassi c alterati on (K-fel dspar) and grei seni sati on 
(muscovite- topaz) of roof-zone rocks (Burt, 1981). The acid fluid is 
gradually neutralized, possibly by the interaction with wall rock, 
condensation into a low salinity fluid, or dilution by low-temperature 
meteori c waters (Burt, 1981). All of these processes coul d 1 ead to 
deposition of W, Sn and associated sUlphides. 
Greisens with granitic pluton affinities are generally deeper seated than 
porphyry deposits. Associated W/Sn mineralisation with accompanying 
muscovitisation ana greisenisation corresponds to the sulphide deposition 
in porphyri es at the bounda ry between the potassi c-alterati on core and 
the outer seri cite-pyrite shell (Hitche 11 and Ga rson, 1972). 
Burt (1981) distinguished between porphyry-type greisenisation and 
vein-type greisenisation. The former occurs in a relatively near surface 
environment (1-3km) and boiling of brine or magma is the dominant early 
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greisenisation process. Vein-type greisenisation (plutonic affinities) 
is more deeply seatea (2-4km), and involves relatively lOll salinity 
aqueous fluids for IIhich evidence of boiling (e.g . fluid inclusions shoH 
an increase in acidity in the vapour phase, and a decrease in salinity in 
residual brine or magma) is commonly lacking. Greisenisation is due to 
cooling and decompression at depth of moderately saline aqueous fluids at 
a temperature of around 500·C. Alteration assemblages are marked by 
broader chlorite and biotite fields, and muscovite occurs more commonly 
than topaz or Al-sil icates. Garnet and magnetite are typically absent, 
and rhodochrosite and siderite or pyrite are the typical f.ln- or Fe-phases 
(Bu rt, 1981). 
Ore assemblages superimposed on the greisen alteration may display 
metallic zonation, with a core of Sn-W .!~10 mineralisation, and sulphides 
of Cu, Pb, Zn, Bi-Ag extending vertically and laterally. Invariably this 
zonation is complex (as at Cornwall for instance), with two or more 
pulses of mineralisation and alteration superimposed. For a given pulse 
of mineralisation a vertical zonation may develop along the lines 
presented by Van et al. (1980) for tungsten vein deposits in China (Fig. 
2.9), and may be app 1 i cab 1 e to those d) scussed here. Furthermore there 
appears a common ore depositional sequence involving an oxide phase 
(cassiterite-wolframite-scheelite), followed by sulphide deposition with 
pyrite, pyrrhotite, chalcopyrite, arsenopyrite, molybdenite/sphalerite 
and lower temperature sulphosalts (e.g. Pb-Ag-Bi, 330·-180·C), and a 
final carbonate stage (calcite, siderite, ankerite, fluorite, pyrite, 
quartz and scheelite). Deposition of the various stages will be 
controlled by parameters such as fluid-wall rock interaction, f0 2 , 
fS2 and temperature. 
2.5 Distribution of Sn-W bearing granites relative to geotectonic 
settings 
The generation (and classification) of granites in various tectonic 
environments has been discussed above. This section outlines briefly the 
relative distribution of Sn(W) mineralisation and geological features of 
given terranes associated with the various granite types. The 
geotectonic subdivisions are after ~litchell (1979) and Mitchell and 
Garson (1981). 
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Rift-related mineralisation (Fig. 2.10a, 2.11a; 
Nigeria; Rondonia, Brazil) 
e.g. Jos Plateau, 
Sn-W mineralisation is associated with granitic rocks mostly emplaced in 
the earliest stages of intracontinental rifting. Pre-intrusion rocks are 
usually either metamorphic rocks of an 01 der orogeny or ri ft-rel ated 
continental sediments and silicic volcanic rocks slightly older than the 
intrusive plutons. The mineralised igneous rocks are high-level granitic 
bodies,. usually occurring as subvolcanic ring complexes, and some 
mi neral i sati on may be hosted by the overlyi ng roof rocks. Sn-W beari ng 
plutons . are mostly biotite-granites .:!:.syenites, peralkaline granites. 
They may' be classified as anorogenic granites, with little deformation 
(usually only faulting) or metamorphism associated with their intrusion 
and associated mineralisation. Pegmatites, tourmaline and Be-minerals 
are uncommon. 
Subduction related mineralisation (Fig. 2.l0b, 2.llb) 
In magmatic rocks Sn-W mineralisation is rare, and if present is 
associated with biotite or two-mica granites, adamellites, and rarely 
granodiorites, and rhyolitic to dacitic volcanic rocks (usually marked by 
strong hydrothermal alteration). The granitic belts are dominated by 
granodioritic rocks of I-type magnetite series affinity, which are 
syntectonic, with initial strontium ratios indicative of a lower crustal 
and upper mantle origin. The pre-pluton host rocks commonly include a 
thick succession of volcanic rocks erupted subaerially during pluton 
emplacement. Examples of Sn mineralisation in this environment are the 
Alaska-Aleutian Arc, and NE Honshu, Japan. 
Outer arc granites (Fig. 2.l0b) intrude very thick successions of 
defonned flysch and minor ophiolites. The geological features are very 
similar to collision settings (see below). Host rocks may differ, with 
higher proportions of flysch and basic and ultrabasic igneous rocks. 
Examples include the Outer Zone in SW Japan. 
Back arc magmatic belts (Fig. 2.10b; e.g. Bolivia, western belt S.E. Asia) 
These belts are usually convex to the continent, and are boarded on the 
continental side by oceanward-dipping thrusts. There is a genetic 
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thrusti ng, granite empl acement and 
scenario during subduction involves 
back-arc thrusting behind the granodioritic arc within a segment of the 
arc convex to the conti nent. Anatecti c granites are generated rel ati ve 
to thickening of the continental crust and shear heating along the thrust 
at depth. 
Collision related (Fig. 2.10c, 2.11c, d; e.g. Himalayas, Cornwall). 
Sn/W mineralisation is associated with the upper parts of muscovite, 
2-mica or tourmaline granites and leucogranites commonly with pegmatites 
and apl ites. The granites are late- to post-tectonic, of S-type ilmenite 
series, massive or fol iated and show sharp intrusive boundaries. The 
granites may be part of an inclined batholithic slab dipping towards the 
fomer overriding plate parallel to the regional major metamorphic 
foliation and thrust. Host rocks are typically tightly folded and often 
metamorphosed, and comprise shelf sediments of the foreland +older 
foreland basement and flysch. Volcanic rocks of similar age to the 
granites are rarely preserved. Thrusts each side of the mineralised belt 
dip towards the suture, which invariably is characterised by a narrow 
zone of ophiolitic rocks. The overall structural vergence is towards the 
foreland. Greisen and vein-type deposits, as well as skarn type deposits 
due to the presence of limestones present in the foreland shelf 
succession, are common. 
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3.0 CO~IPARISON OF GEOTECTONIC SETTINGS 
3.1 Variscan orogeny of Western Europe 
The term Variscan is used in Anglo-Saxon scientific literature 
synonymously 
1983), and 
with Hercyni an. The 
is applicable to a 
former is adopted here (after Rast, 
general period of deformation and 
tectonism, over the period late Devonian to early Permian - a time cycle 
of about 10m'la. This period is characterised by variable sedimentation 
and vol~anism patterns, and substantial granitoid emplacement, A 
stratigraphic table of the European Palaeozoic, correlation of 
Carboniferous chronostrati graphy and the time of vari ous tectoni c events 
is shown in Tables 2-4. 
The Variscan orogenic belt, after allowance for continental separation, 
is traceable from the gul f of t1exico to eastern Europe (Figs. 3.1A, B) . 
In eastern North America it constitutes a late expression of the 
Appalachian fold belt, whereas in Europe it developed as a separate 
entity, distinct from the Caledonides to the north (Windley, 1984) . In 
eastern Europe the Ural ides emerged around the same time. 
The vast amount of geological data accumulated for Western Europe is 
distributed in many journals, and written in many languages, making 
integration of existing knowledge difficult. In addition large areas of 
the Variscan belt are covered by younger rocks or have been reactivated 
during the Alpine tectonic cycle (Triassic to present). ~Iany advances 
have been made over the last decade, although a totally acceptable 
synthesis of the Variscan orogen is still awaited. The following outline 
is largely from Rast (1983), Weber and Behr (1983), Giese et al. (19B3); 
Windley (1984); Behr et al. (1984) and Lorenz and Nichols (1984). 
3.1.1 Tectonic subdivisions 
Duri ng the Vari scan orogeny deformation and sedimentation were generally 
simultaneous, and due to a lack of isotopic 'constraints, stratigraphic 
chronology is the principal tool in tectonic subdivisions. The general 
relationships 
well known. 
between major Carboniferous 1 ithostratigraphic units are 
Broadly, continental shelf deposits are recognised in 
Ireland, Britain, northern Belgium and Germany, while sediments of the 
Variscan orogenic belt lie to the southeast. The two regions are 
separated by a narrow marginal downwarp (Variscan foredeep of Krebs, 
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Tabl e 2: Stratigraphic tab l e fo r Palaeozoic Europe (Ager , 1980) 
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Table 4A: Variscan fold phases in Europe (Rast , 1983) 
Phase 
PWzic 
SaaJic 
Asturian 
Erzgebirgian 
Sudetic 
Bretonic 
Timing 
Permo-Triassic 
Early Permian (Rotliegendes) 
Westphalian C to Stephania.n 
Namurian- Wesl phalian boundary 
Visean to early Namurian 
Late Devonian to Early 
Carboniferous 
Ta bl e 3: Co r re l ation of Carboniferous chronostratigraphy (Rast, 1983) 
M;"~,~ 1", .... ,.",.aI Don." bOIl. 
5 ..... "'. (,"" .. nUSA U" !tril; .... bin $,... .... . Itlpo", U'" 
, ... ",1." ...... ~,.; ... ", ... 1;&/1 
Dun",,, Wolfe_pi." D 
i!',,"';"" 
» ..... on' ahoI ... VirJil .... c [w. ~ ....... $o:cpIIlniu I 
A ku"""vI ... 
CO_.~lb.... Mu......u.. e ..... "' .... w .. ,_ 
---
p1uJi ... l Mo><o.'''' 
"."'11 • ."1.,, ,,1I<,h,.'Ul o.mno;"'''' r Wd'ph.U." c Silaiu 
Cuboo._ I CMbon· I! J.&,.hkir'&r\ if .. oul POIu.;ni ... -'loh.. A if ....... 
r~~-M.ndell .... JC.J"<krtoCO .. , ... 
Po<>I1 •• " ... " Molto..... 14mutl.n Alpon~ l H.",,,, .... Sttpukhovl ... 0.0 ..... ' •• F--------- ~.~- -----------P".:IIei.u 
Upper Ck ... lOrl"" Ch.,'<rl ... 
r'y'y j~ ] y~-N>U Mw,u'p;>tl M~, .... m>tl Hollcri>tl r"""" j ~"-,,- ~f= DOn.",w. 
.. - ----- '::'~":- l l To",noi';." T .... 'nahi"" 
!;;tId<thoolW'l ICi46<r-
hooki... <:OUtcry"" T.I.t. ) 
0"..."",." 
Tabl e 4: Time scale of t he Upper Pa l aeozoic and duration of magmatic, 
activities , formation of intermontane troughs, upl i ft and 
subs i dence of continental crust, and retrea t and 
transgression of the sea i n the area of Variscan Europe 
(Lorenz and Nichol l s, 1984 ) 
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1976), which was eventually filled by Upper Carboniferous clastics 
(fore-arc accretionary prism?) The southern edge of the Variscan belt is 
imperfectly understood because in Europe it is overprinted by the Alpine 
orogenic belt (Rast, 1983). 
Various interpretations have been made of the complex structures in 
southwest Europe (i .e. France and the Iberian Peninsula). In view of the 
fact that the Variscan massifs of central Europe are disconnected (Fig. 
3.2), attempts have been made to extend faul ts from the better exposed 
Iberian Peninsula into France (Rast, 1983). Arthaud and ~Iatte (1977) 
emphasised this feature, interpreting Late Palaeozoic wrench faulting in 
southern ~urope . and northern Africa as a right-lateral shear zone induced 
by the relative motion of two plates - a northern one including the 
Canadian Shield, Greenland and stable Europe, and a southern one 
(Gondwanaland) that includes the African Shield. Badham (1982) advocates 
small scale localised deformation of microplates, with oblique motion and 
development of stri ke-sl i p orogens capabl e of compressi onal and 
extensionsal tectonism. Further discussion involving some of these ideas 
is given in 3.1.3. 
~Iost of the rocks in Europe deformed duri ng the Vari scan orogeny crop out 
in isolated massifs (Figs. 3.1B, 3.2), and are collectively termed the 
Variscan belt (Rast, 1983). Three main zones of contrasting stratigraphy 
and tectonic history are recognised 
i) Rhenohercynian, 
ii) Saxothuringian, and 
iii) r.101danubian (Fig. 3.2C, Rask, 1983; Behr et a1., 1984; Windley, 
1984) . 
The stratotectonic subdivisions (after Kosmatt, 1927; Stille, 1951; in 
Rast, 1983) stem from the recognition of an association between the 
Variscan orogenic phases and the underlying Precambrian basement. Krebs 
(1976) further subdivided the Variscan Belt, distinguishing discrete 
unmetamorphosed sedimentary units ("fore deeps") peripheral to the main 
orogenic domains (Fig. 3.3D). These flysch-molasse troughs may 
tentatively represent wedges of fore-arc? sediments related to bipolar 
subduction processes during the Carboniferous (see later). 
Rhenohercynian Zone (RH, Figs. 3.1C, 3.3A) 
This zone is commonly taken to include most of the Sub-Variscan foredeep 
(see Fig. 3.3D) . It comprises Devonian and Carboniferous sediments, 
A ; The Varisca.n orogenic belt in Europe and eastern 
Nonh America. LL, Logan line; TL, Tornquist line; VF, 
Variscan front. The Variscan orogenic belt is eoandy stippled 
and possible African equivalent! (Michard and Sougy 1917) arc 
finely stippled. 
//~-
RHZ 
E2:J VClri$CClrI MCls,ih ~km 
C : . Hercynian {Variscan} man;fs in Europe. A, 
AImorican Massif: S, Dohemian Massif: C, M;wif Central; V, 
Vosges; DF, Black. Forest; RHZ, Rhenohercynian zone; srz, 
Saxothuringian lone: MZ, Moldanubian tone. -- "'"~ 
boundary, OIC Opono-Cordoba lineament. 
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eo.."gl Plo .. AI,ictI 
10! --......J I 
8: Transat lantic t onal correlation after a[Jo""';ng for 
opening of the Atlantic. MZ, Moldanubian zone: RHZ, 
Rhenohercynian zone: STZ, Saxothuringian zone: VF, 
Variscan front; TL, Tornquist line. ---, major transform 
faults. 
D: . Major boundaries ot Variscan belt in ealitern Central 
Europc' and the position of thc Sub-Variscan foredeep 
(stippled). 
Figur e 3.1: Hajor features of the Variscan fold belt in Europe (Rast, 
1983) 
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consisting of shel f deposits to the north, and deeper water flysch-type 
deposits to the south (Rast, 1983). Basement to the north in Britain and 
probably Belgium is Avalonian (Late Precambrian to early Palaeozoic) 
volcanic and sedimentary rocks. 
The RH strata are generally strongly deformed, although in northern parts 
the marginal metamorphi sm is mil d 
The main episode of tectonism 
(Westphal,ian C to Stephanian, Table 
RH zone 'di ffers from those of the 
some large-scale recumbent folds. 
deformati~n is N-verging thrusts 
nappe displacements (Windley, 1984). 
(not exceeding greenschist facies). 
is Middle to Upper Carboniferous 
3.4; Rast, 1983). Structurally the 
continental belt in that it contains 
The predomi nant 1 ate Carboni ferous 
and overfolds, and large horizontal 
The Variscan Front (Fig. 3.10) is a term given to the most continuous 
line of overthrusting and/or overfolding which is associated with the 
junction of the RH zone and the Sub-Variscan foredeep/Caledonide Zone. 
In other pl aces the front may compri se a zone of strong deformati on or a 
sedimentary facies change. In the eastern Variscan the front changes in 
styl e from a thrust to transcurrent (transform ?) faul ts, marked by the 
so-called Tornquist line (Figs. 3.1C, D), which extends from northern 
Denmark to the Black Sea. 
The sedimentary history of the RH zone is marked by a marine 
transgression in 
clastic detritus 
the Devonian, with erosion 
derived from a landmass 
of continental facies and 
to the NW (the uplifted 
Caledonian orogenic belt in W. Norway, NE Scotland, East Greenland, 
Wi ndl ey, 1984), and deposi ti on of greywackes, sandstones, orthoquartzi tes 
and shales. During the Mid-Devonian shallow marine facies evolved, with 
conspicuous reef limestones, and there tlas also widespread extrusion of 
sodic keratophyres and spilitic lavas and tuffs (Windley, 1984). The 
boundary between the RH and Saxothuringian Zone (ST) is interpreted as a 
site of subduction (Behr et al., 1984; Lorenz and Nicholls, 1984) or as 
a back arc marginal basin (Badham, 1982). 
'·lid German Crystalline Rise (MGCR) 
The southern edge of the RH zone is marked by the 1·lid German crystalline 
rise, which includes massifs such as Odenwald, Spessart and parts of 
Thuringian Forest (Fig. 3.3B). These massifs comprise Cambro-Ordovician 
rocks, with cores of Precambrian gneisses (Rast, 1983). Variscan folding 
and metamorphism is recognisable. 
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Saxothuringian Zone (ST, Figs. 3.1C, 3.3) 
The ST lies immediately south of the NGCR and continues westward into the 
Annorican ~Iassif (see Fig. 3.1C). The Precambrian basement has been 
affected by 1 ate Precambri an (Cadomi an) 
domes of high grade metamorphic rocks, 
tectoni sm, wi th 1 arge rounded 
with Variscan defonnational 
overprInts. The ST is characteri sed by Upper Devoni an vol cani cs and 
intrusives, and highly variable sedimentary facies. Two periods of local 
deformation (late Devonian (Sretonic) and mid-Carboniferous (Sudetic)) 
are disc·ernable. The southern border of the zone is marked by the 
occurrence of rocks indicative of suture zone blue schists, 
, 
basi c-ultrabasi c. granul ites (i n S. Sri ttany), eclogites, serpenti ni tes, 
granulites, gabbros, tuffs and cherts (NW Spain), and glaucophane schists 
further to the west (Windley, 1984). An age of 450Na is ascribed to this 
high pressure granulite-grade metamorphism. The suture is also marked by 
a prominent geophysical anomaly, inferring the presence of a major mafic 
body (possibly relic ocean crust). 
~101danubian Zone (MZ, Fig. 3.1C, ~IO, Fig. 3.3A) 
The type locality of the ~10 is in the Bohemian Massif, from where the 
zone extends into the Black Forest, parts of France (Nassif Central) and 
the Iberian Peninsula. Caledonian (middle Devonian) and Variscan age 
deformati on is recogni sed (Rast, 1983), with the 1 atter imposi ng a weak 
imprint (folding) on the main Caledonian event (400-365f.1a). As such the 
1·10 involves Lower Palaeozoic rocks superimposed on a late Precambrian 
basement (Cadomian) which together are overlain by Upper Palaeozoic 
strata, with each of the major sequences being affected by early 
Carboniferous tectoni sm, metamorphi sm, wi despread syn- and post-tectoni c 
granite intrusion (mid-Carboniferous), and acid to intermediate explosive 
volcanism. 
The Variscan orogeny was complete by the early Penni an, except for 
localised post-orogenic intrusion of lamprophyres, and extrusion of acid 
and basic volcanics and local graben formation (Windley, 1984). 
3.1.2 Variscan magmatism and metamorphism 
1·la gma t i sm 
Varis can ma gmatism oc curred over various stages of the orogeny , and can 
be assessed in t enns of pre-orogeni c volcanism assoc iated with basi nal 
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sedimentation, large-scale plutonism at the orogenic culmination, and 
post-orogenic volcanism after cratonic stabilisation (Floyd et al., 
1983). In general tenns Variscan magmatism is bimodal with basic and 
acid proQucts characterising the RH and ST zones. Activity in the f10 
zone was more variable with a high proportion of calc-alkali andesites 
(Floyd, 1982). 
Pre-oro'geni c vol cani sm 
localised development 
Devonian ' and Early 
was submarine in character with relatively thin, 
of massive and pillowed lavas throughout the 
Carboniferous. The abundance of the extrusive 
products generally increased from the early Devonian to a late Devonian 
maximum, b~fore rapidly decreasing at the end of the Lower Carboniferous 
(Visean) . The lavas were all basaltic, and show a number of chemical 
features whi ch support an ensi al i c envi ronment for the Vari scan orogeny 
(Floyd,1982l Floyd et al., 1983). These are 
i) Tholeiitic basalts predominate, although alkali basalts are found 
at the northern (SW England) and southern (South Austria) margins 
of the belt. The tholeiites are generally characterised by 
incompatible element abundances typical of continental rather than 
oceanic environments. 
i i ) The di stri buti on of the immobil eel ements, 
nearly all the basalts and dolerites 
volcanism, irrespective of location, age, 
emplacement (Exley et al., 1983). 
Ti, Zr, Y shows that 
represent intra-plate 
magma-type or mode of 
A sustai ned, wi despread subl ithospheri c thermal anomaly is requi red to 
generate basaltic volcanism over a wide orogenic belt, such as the 
Variscan, for a prolonged period of time. Tectonic interpretations 
i ncl ude 1 ithospheri c stretchi ng and ri fti ng, above an enormous mantl e 
pl ume, or a slowly subducted slab of 1 i thosphere taken down into the 
mantle at a very low angle such that a wide area was affected above the 
subduc ti on zone. 
Late- to post-orogenic magmatism is marked by the emplacement of 
voluminous calc-alkali granitoid batholiths, with associated granite 
porphyry feeder dykes and rhyolitic lavas. Although poorly dated, an 
important period of 
(Lorenz and Nicholls, 
granitoid emplacement appears between 330-280Na 
1984; Derre, 1982), with attendant uranium, tin 
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and tungsten mineralisation. The most voluminous intrusions are evident 
withi n the ~10, where grani te sand mi gmatites a re abundant (Wi ndl ey , 
1984). Syn-tectonic migmatites and post-orogenic granites also occur in 
the RH, the latter related to the important Cornubian Sn deposits. 
An assessment of much the major and trace element geochemical data led 
Floyd et al., (1983) to conclude that the bulk of Variscan granitoids 
were derived from anatexis of lower crustal material - in particular 
widespread partial melting of a poorly hydrated garnet-bearing granulite, 
whi ch produced 1 arge vol umes of essenti ally dry graniti c magma. 
Subsequently, by the combination of assimilation of wet country rock and 
anhydrous'crystall i sation, thi s magma became saturated and crystal 1 i sed 
below the surface as granite batholiths. The range of compositions seen 
in individual plutons is explained by local, but minor, variations in 
source rock composition or degree of melting, together with later 
differentiation, contamination and metasomatism (Floyd et al., 1983). 
Some localities of Variscan granites have associated subaerial rhyolitic 
volcanism (e.g. Cornwall). This volcanism is attributed to smaller 
volumes of late-stage dry granitic magmas probably derived from a 
sl ightly different souce, and which travelled up fractures within the 
granite and surroundi ng country rocks. In general the granites have a 
restricted compositional range, high KINa ratios (giving alkali 
feldspars), 10\'/ Fe 203/FeO ratios (inhibiting magnetite), a deficiency 
in hornblende and sphene, and intermediate to high initial Sr isotope 
ratios. In summary the published descriptions and analyses of most of 
the Variscan granites point to an S-type ilmenite series categorisation. 
In the Cornwall region collisional tectonics are invoked to produce the 
granite melts, (f.1itchell and Garson, 1981) whil st elsewhere in western 
Europe a process of 'tectonic stacking' (with thrusting to the NW), 
subsequent to 'thi n ski nned' extensi ona 1 tectoni sm, provi ded an 
environment capable of generating granites (see 3.1.3). 
i'letamorphi sm 
~lany of the regional metamorphic features have been mentioned in 3.1.1. 
The Variscan of western Europe is marked by the extensive development of 
high temperature - low pressure regional metamorphism, especially in the 
110 and ST zones (Zwart, 1979; Rast, 1983). The RH primarily 
characterised by loW grade metamorphic facies and extreme polyphase 
deformati on. Metamorphic events are distinguished during the late 
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Precambrian (Cadomian) and mid-Palaeozoic (Variscan), corresponaing to 
peaks at 650,450, and 350-300Ma (Suk, 1977; in Rast, 1983). Limite d 
high pressure assemblages have been described, and are spatially related 
to the suture zone along the southe rn border of the 5T zone, marking a 
site of a former subduction to the northwest (see 3.1.3). Windley (1984) 
invokes the close association of blue schists and high-pressure 
granulites along the suture as analagous to those of the Himalayan Indus 
suture -in Pakistan, which is a well aocumented continental-collision case 
study (e.g. see Coward et al., 1982; Windley, 1984). 
3.1.3 Geodynamic mOdels 
The Va ri scan fo 1 d be 1 t has been subj ected to many different 
interpretations, largely in terms of plate tectonics (Ager, 1975; 
Alderton et al., 1979; Windley, 1977, 1984; Behr et al., 1984; Lorenz 
and Nichols, 1984) and also in terms of lithospheric thermal disturbances 
(Zwart and Dornsiepen, 1978), and vertical and shear tectonics (Badham 
and Halls, 1975; Krebs, 1976; Badham, 1982). 
Recent articles (Floyd, 1982; Giese et al . , 1983; Weber and Behr, 
Lorenz and Nichols, 1984) point to a 1983; Behr et 
combination of 
a 1. , 1984; 
ensialic (intracontinental) processes with limited 
subduction, and later continent-continent collision, with some 
strike-slip component. Problems in plate tectonic analyses/ 
interpretations are compounded by the general lack of magmatic plate 
margin characteristics such as typical ophiolite sequences, island arc or 
continental margin volcanic rocks (esp. andesites) and voluminous 
intennediate plutons. Recent studies (above) have elucidated the 
existence of basaltic rocks with mid-ocean ridge basalt affinities, high 
pressure metamorphic rocks, trench deposits, and large scale 
allochthonism, which may have effected the pre-Variscan basement, and 
locally has led to inversion of the metamorphic isograds (Behr et al., 
1984) . 
Large scale thrusting is now recognised at all crustal levels, and 
substantiated by geophysical methods, which necessitate interpretati on of 
the structures in terms of horizontal layering. Giese et al. (1983) 
envisage the Variscan orogen as forming from thin- and thick-skinned 
tectonics. Compressive movements during Late Ordovici an throu gh 
Carboniferous started from an attenuated crust whi ch was stre t ched and 
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thi nned by rifti ng processes. Duri ng the subsequent orogeny sedimentary 
and basement compl exes were detached from thei r underlyi ng stratum, and 
horizontally displaced (up to lOOkm) and stacked - resulting in crustal 
thickening by a factor of 2-3 times (35-45km) by the Penni an (Fig. 3.5). 
Thick crustal segments such as the ~lid German Crystalline Rise underwent 
strong uplift and erosion (Giese et al., 1983). 
Pl ate convergence forced closure of the RH and ST basi ns (the mi d-
European Ocean) and one or more Mediterranean basins to the south of the 
pre-Variscan blocks (Paleotethys sea, Fig. 3.4; Behr et al., 1984; 
Lorenz and Nicholls, 1984) . These workers also postulate subduction from 
north and' south .under the dorsal core region (Fig. 3.6). Problems still 
arise with the timing and driving mechanism of the bilateral activity 
(Behr et al., 1984), however it gave rise to an extensive zone of hot, 
pa rt i ally mo Hen upper mantl e above and between the subducti on zones. 
Mafi c magmas were genera ted from the di api ri c upri se of porti ons of the 
melt, which also facilitated widespread partial melting in the lower and 
middle crust, high T, low P metamorphism in crustal rocks, and regional 
uplift and extension of the crust (Lorenz and Nicholls, 1984). 
The Variscan belt, as presently known, originated from the collision of a 
Gondwana and Laurasia 'megaplates' (Perroud et al., 1984). This 
Carboniferous collision subsequently formed Pangaea and produced the 
Appalachian - Variscan orogeny. 
Lorenz and Nicholls (op. cit.) envisage that diachronous collisions 
induced orocl inal bending of the Variscan, largely owing to the reduced 
rigidity of what is thought to be hot island-arc crust, and the irregular 
continental margins of the larger and thicker continental plates. 
Further extensional tectoni cs over 20-30~lyrs into the Lower Penni an (back 
arc spreading of Badham, 1982; Floyd, 1982) continued after the 
collision processes,with concomitant upper mantle activity, and crustal 
uplift (Lorenz and Nicholh, op. cit). During Permian time upper mantle 
activity declined, with cru·stal subsidence and peneplanation, followed by 
Upper Permian marine transgression of the Zechstein sea (from the north) 
and the Tethys sea (from the south), marking the cul mi nati on of the 
Variscan geodynamic cycle. 
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fieur!! 3.4: Pre- and post-collision 
tecton i cs in Southern [ urope CLorenz 
and Ulcholls. 1984) 
• A.. n ... ~ ",.~ of <he ,... .... 011,"- S-"-<, .. E~,,,,,,, rI.l< ein ~t.-'<t c.,t.c-."'.O.II ,i_l_i'.'" 
.·0 ... w ......... _. Ii. , .... "'1_ ,.. ..... 1>11 _ '<1;." ....... h."._,I, ~ II>< ""'d ...... , O<Uft;' ....... IM! 
II>< ;' ''Iul ....... un •• '.1 " .... aiM of Norl~ ....... rie.-r.' ....... ,nJ .1./ ..... . ... rt .... ·• '!MIk'l< ",h .... ,,;.-.Il) 
di, ..... ioo, 01 ~l" • ..-."",." rcl.ti .. ,,, N ... ,h A ... ~_£""op< ''''''''''''''"'' In. ) Iu..., IK'cn "' .... 
...... , 
t . $1<,<\ ...... ." ,10< S-,hc,. Eu«>p< pt . .. n .. , ,..., ..... '" II>< _~ .. "' ....... ; .... , «>!Ii ........ TIl< 
So.".I .. ", lufOf'< pt." IdJ"""' I" , ... ;" ... I.ot ..... 'i •• n"l .... 1); ... 01"'" la.p M'",boIorin, P'"'' by 
in""K '.,.mol pl.,,~ d;",,"ioA. u. by o< .... li",1 bondin, ",d ,h., lorm.o,'''' 0/ . .... ,1 ..... Cul'V'<d 
. ftOW'I ;..die. , ....... of '0 ........ ol ..... 'u' ... n.. II .. , .... holT .... ,.. .... )'1 .... 1>« • ......sc.J.i •• in PO"" 
1>, Cioo4 ....... _, ....... , <noM. 
Figure 3.SA: Refraction seismic prorile 
through the RH and ST Zones. 
a. Simpl Hied repre sentation of the 
velocity/depth fUnctions. 
b. Tec t onic i nterpretation of discon -
tinuities as upthrust slices of lower 
crust and/o r upper mant le material 
(Behr et a1.. 19B4) 
NW SE 
o 
". 
<0' 
R~_tJ""'Ol'l ,.,. 10':"01"""";1''''' lonl _ .... _ ....... _ ... 
11010100....-0 
,-
-
-
,_ ...... --
&'~#H/$//////h~~~;z.- . 
•• ·0_ • ~ ... .. . .. ;,:;" • 
~~':j . 
J,o'~ ~ ........... ;.~ ...... , 
"'N"'y~/.p~/N""~" 
- - ,,"- ~
.. .,. 
-~ 
-~ .. 
b_ --_ .... - .... 
-.. ~ -.-
"--.....::::::-~ ·20 ~-=z:;~~""' .> ". 
'0- ... : ,~ ~'. ' _'CkIn 
N s 
MO t O.t."UII.t. .. . . 1. [MOAA~ IlNO_ON(RCV,",I.t. .. I < !>uor"UR' NGI.t. .. 
II 
t .. , 01 ..... '_ """" j~ """ht..' 9 T .. pl.O · I~rT"-' ~ jt: H~""". 
~~U<:'<l& -~>"":,ri'?'t·:~,-",;..:-,:>;·~,*~ 
, 
~ .. 01 , ... ,_, "'-
['=%~ 
... -. 
........ r.o..'11 "'"00" 
o f;.::::.:"';;_., Gill "'~" '.'-' 
o ~::.~::."";';'::~ 
Q._----_ .. rr.:-l <",_,,_, ~ •.. ~- , .... 
( p., .• ';/IOXI'I'I'I"""", UQ~'I'II.H 
100· ... 
r , . ncl'l C.n"' 1 ...... 1 
_d,_ .." ","pp" 
[HI r.:;:-~';'~ r.:·;:.:: .... !:!':' .:::r. 
B = .. ;;:.::;' .. ~ .. ~~.:.:: !!:::=--.:.~ 
..... '" ... , .. "" ~ .... 
0-· .. ·--·--
..., .. , ...... , ....... -.... 
L....J .... . H.' ... ... .. E] ... -_ .... 
£..!..sure 3.511: Oiagrar.matic cross-!>ect i on through the Variscan Belt In 
Central Europe. M. crust-mantle boundary (Beh r et al., 
19B4 ) 
Fi qure 3. 6: AJ Geodynamic development of Variscan Europe '(lorenz and 
Nicholls, 1984) 
""'A~"''' ·I ..... 1 . _, ] ""] Io.: ..... I..... 1 " '''''''" 1 " '" 1 
=-:t' '-I .~ 11 II ~.~.J"~--...lL ' 
I. h .. . , Cof~on,""~ ' ~ I 
1 OMI ] 
-----=t ::::s->:p :~ 
, ,,,,, •. ".,,',. <~:ii;:::\l 
I~ 
1' 011 
3. W"IPh~~~ :i:\:~t !k="" 
~ 
~~-' . _ '. J 
,,,::,: .. ,,~::""~~ )~; , 
-~ 
• $<1 ....... , .. d" V"'" ~~l ,.... ..... '-1 .ood,. ...... d ..... Iop ..... , .. H.l<'TI'lu [,o'er< ""';ftl ... 
• _, ..... , ............ , coIIi ...... .;Ut N .... ~ ... _n.._E»<opo 'N AI';'" i. L.. •• ~.~ ~onc. r .... ;_k 
,~1>du<'", .......... -.. .......... " 01 bo.k·.re , ....... ..;,100. H ,~j .. Eoonopc j. o.-.-i, n.t.-
C.,l>oni/C",u. ~_ ..... 11«1, CC __ u..,n,,1 "n .. ,: .liES_MiII.h,op ....... : DC_o . ...... ""'": 
'MLC_p .. li.Uy ........ k>.....- .... "': AHZ-k»o_H't<)'IIM ..... : UNL __ ...."d. 'dIoophc ... 
.. " .. ·~" .. · I . .... I .. ..... I ••••• 
""" bL-
-'"-
s. UPP" ~ .r"'i. n 
8} Paleogeographic reconstructions .of the Variscan Belt 
fr om Ordovician t o Early Pernda n base d on paleomagnetic 
data (Pe rroud et a1.. 1984) 
'OWOIOl' 
LA BA 
I "'¥';; • < , ~"'·I I:' ,~<j"~. 
W" i.· E" 'p'H 
"". 
w 
..","'''',U'' 
"' ____ f. ,...-..,. 'f A GW 
...... ..--
~ 
• . ,.._ .... . ,....,_ .... ..... _ ... 00" . ....... __ 
.... _ ••• _ " . ... ....... CW •• n.lA ._ ..... _ .. "_"'0 • 
c ..... . . . . . ..... "' ... ~ . .... , ........ .... --0 .. " . , .... "'" 'oc_ 
..... __ ••• _,.r~"'~.-._._ ......... I1t .... l; 
,.. ·II ..... ".'_ ... ·-~-.... 
• L.o •• c._ "_._t",,, ~_, .......... ,_ . . .. y •• 
. .. " ... I"UI, R ...... . " ....... _ ....... .. " .. < ..... . _ ... 
...... < .... _ .. C".h, ", " ............. c . ...... _. _ . Th_ 
.... ~ .. _,.1, .. , .... ......... 1Mo_ -.0 , _ . . . . ...... . 
..........  ........... _-
' . _.,· ....... v·.""', .. __ .... ·I0· .... .r 
.... .. 10,.. ....... _~ •• Oc. __ ......... . " ." .. .. 
• _"" .... n" ... o: ... , ..... IT .... ,...rC.'_n( ... 
""'.d' •• I .... '."'-•. , .......... C_" ..... ~ -... .. _ p.'" 
"'._ . . .. <II M.lNI_ (H .... -. nUj ..... j ........ .. 
'_oI1 ... .. o<Q; .... ·00l ...... _,...-. 
f'lll'''III' 
". 
......... --..... .... . 
Proll .,,,.,1 
~ 
- 39 -
Constraints on this scenario include the uncertainty of the exact limits 
of the pre-Variscan blocks, as are the existence and width of oceanic 
areas (Perroud et al., 1984; Behr et al., 1984). In the ST zone and the 
south-facing parts of the NO zone there is good evidence of early 
Palaeozoic rifting and of 1 ate Ordovician through Carboniferous plate 
convergence. Only limited oceanic basins are inferred from 
palaeomagnetic climatic constraints in these zones, whereas a wider ocean 
is likely at the RH-ST boundary (Behr et a1., 1984). 
3.2. J.1a1ay Peninsula 
South east Asi a .i s a maj or Sn/W produci ng regi on of the wor1 d, accounti ng 
for about 45% world Sn production and, including China, approximately 30% 
world W. The major producing centres of the Thai-~la1ay peninsula lie 
within a belt some 3000km long and up to 800km wide, sometimes referred 
to as the Central Ti n Be lt of Southeast As i a (~litche11, 1977; Mitche 11 
and Garson, 1981). This section concentrates on the geotectonic setting 
of the Malay peninsula, where two major tin granitoid belts are separated 
by a central basin of sedimentary deposits, and effectively constitute a 
paired orogenic batholith belt (Hutchison, 1983). 
3.2.1 Tectonic subdivision 
Peninsula /·1a1aysia can be divided into four geotectonic zones (Fig. 3.7; 
Hutchison, 1977): 
1) A western stable shelf is characterised by Lower and Upper 
Palaeozoic miogeoclinal sedimentary formations (exposed on the 
islands of Langkawi, Per1is and Kedah), that are gently folded and 
generally unmetamorphosed. Granite is not abundant in this zone. 
2) The r'la i n Range Belt is characteri sed by the huge Tri assi c r~a i n 
Range batholith, whose axis forms the mountain range from Ma1acca 
towardS Tha i 1 and. These gran; tes are emp 1 aced into Lower 
Palaeozoic isoc1inally folded phyllitic (and lesser marble) 
greenschist facies metasediments. 
3) The Central Graben comprises gently fo1 ded Triassic and Mesozoic 
sediments under1 a in by more strongly deformed Permi an rocks. The 
sedimentary sequences change from mari ne in the Permo-Tri assi c to 
continenta l facies by the Jurassic. 
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Figure 3.7: Outl ine geological map of 
distribution of granites 
features (Hutchison, 1977) 
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The western margi n of the graben is bounded by the Bentong-Raub 
suture ophiolite, which separates it from the Main Range Belt. The 
ophiolite consists of a phyllitic melange in which blocks of 
serpentinite and metabasic rocks occur with radiolarian chert. 
Both Hutchison (1977, 1983) and Mitchell (1977) recognise the 
ophiolite as a suture marking a former subduction zone, but with 
different tectonic interpretations (see later). The Centra l Graben 
is separated from the Eastern Belt by the Lebir Fault. 
4) The Eastern Belt features numerous elongate granitic pl utons 
intruded duri ng the Permo-Tri assi c through gently deformed, 
predomi nantly unmetamorphosed Permo-Carboni ferous sedimentary 
sequences with associated pyroclastic and volcanic rocks of acid of 
intermediate composition. 
Minor, post-tectonic Late Cretaceous granites are known near Ophir 
and Gunung Pulai (Fig. 3.7). 
3.2.2 Granitoid plutonism 
The Main Range and Eastern Belt granites have been well studied in terms 
of thei r petrography, geochemi stry and metallogeny (Hosk i ng, 1973, 1977; 
Hutchison, 1977; Ishihara et al., 1979; Beckinsale, 1979; plus 
others). The two Belts are distinct in many facets, including their 
geodynami c evol uti on (see below), even though they were empl aced broadly 
over similar periods (Permian-Triassic). The main features and 
differences are outlined in Table 5. Variations in attendant 
mineralisation are discussed in Section 4.3. 
The principal differences between the ~Iain Range and Eastern Belts lies 
in their depth of emplacement, notably higher Rb/Sr ratio for the ~Iain 
Range, porphyritic and muscovite-bearing nature of the former, as well as 
the conspicuous lack of a thermal aureole or attendant andalusite or 
cordierite. Ishihara et al., (1979) note the dominance of ilmenite-
bearing granitoids in the ~Iain Range Belt, with mixed magnetite- and 
ilmenite-bearing granites in the Eastern Belt. Central Graben and 
post-tectonic Cretaceous granites are di stinctly magnetite-bearing. The 
implications of these variations regarding granitoid genesis are outlined 
below. 
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TABLE 5: Summary (after 
Taylor, 
of properties of ~lalaysian Sn-belt granitoids 
Hutchison, 1977; Hosking, 1973; Hutchison and 
PROPERTY 
Empl acement 
Age Rb:Sr 
K:Ar 
1978; Ishihara et al., 1979) 
HAIN RANGE BELT 
1'lesozonal (6-10km) 
r~axima at:-
200, 230, 280 
Late Carboniferous, 
to Late Triassic 
80-200~la 
Initial 87Sr/86Sr Carboniferous 0.7111 
Triassic 0.7098 
Cassiterite 
Pleochroism 
avo K20 weight % 
avo K20/Na20 
av. Rb/Sr 
Femic minerals 
texture 
intrusive bodies 
country rocks 
Contact 
metamorphi sm 
from granite 
Other features 
Cl assification 
Highly pleochroic (red-pale) 
Nb/Ta 
5.0 
1.7 
10.0 increasing westwards 
Bi otite 
MUscovlte only in greisen 
coarse strongly porphyritic 
extremely large batholith 
Low grade phyllitic 
Palaeozoic rocks, 
regionally metamorphosed 
Slight local increase of 
dynamothermal grade. No 
andalusite or cordierite 
No volcanic association 
Hot springs are common 
S-type, Ilmenite series 
EASTERN BELT 
Epizonal (1-6km) 
Haxima at:-
220, 250 
Permian to Triassic 
220-250~la 
Permian 0.7102 
Triassic 0.7075 
Non - to weak ly 
pleochroic 
4. 1 
1.3 
2.7 
Biotite 
Hornblende is locally 
important 
equigranular to 
microporphyritic 
medium to coarse 
large plutons 
Carbo-Permian 
gently deformed 
sedi ments (pre-
dominantly un-
metamorphosed) 
Pronounced aureole 
containing andalusite 
and cordi erite 
Associated volcanics, 
gabbro-tonalites 
Basaltic and Lampro-
phyric dykes are 
common 
S- and I-type 
Ilmenite and Magnetite 
Series 
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3.2.3 Geodynamic mode ls 
Plate tectonic models accounting for the geodynamic evolution of the 
Thai-~Ial ay peninsula have been proposed by Mitchell (1977); Hutchison 
(1977) and Beckinsale (1979) (Figs. 3.8, 3.9). The essential difference 
between I'litche ll 's an d Hutchison's models lies in the sense of subduction 
proposed to generate the Eastern Belt granites. Otherwise the tectonic 
sy nth esis is similar. Beckinsale incorporates a further coll ision event 
in the Eocene (130-1 OOHa) to account for younger granites constituti ng 
the Western Belt in Thai lan d, and not discussed here. 
The following synthesis is largely after Hutchison (1977, 1983). During 
the Early Palaeozoic the eastern Malay peninsula developed as an island 
arc above active subduction beneath a probable Gondwana craton (Fig . 
3.8A). Back-arc rifting separated this region from the craton, forming a 
marginal basin (Fig. 3.8B, the Central Graben). During late Permian the 
spreading ceased, and there was a reversal in subduction polarity (Fig. 
3.8C), which culminated in a late Triassic collision event between the 
i sland arc and its ancestral craton. Eastern belt granites, in the main 
consi sti ng i ni tially of S-type il meni te seri es granitoi ds were generated 
after subduction to the west and during sUbduction to the east (Figs. 
3.8B, C). La ter I-type magnetite series granitoids evolved during the 
collision event when subduction had ceased (Fig. 3.80). The evolution of 
th e ~:ain Range S-type ilmenite series granitoids is directly related to 
the collision event. In the collision model ( ~litchell, 1977) the 
foreland of western Malaya approached the subduction zone and underthrust 
the magmatic arc. The Bentong-Raub suture ophiolite was evolved by 
westward thrusting of older oceanic crust and cherts, whilst sediments of 
the foreland were isoclinally folded, overthrust to the west and locally 
metamorphosed, and the 1 ate-to-post tectonic l'Iain Range granites were 
generated along eastward-inclined intracontinental thrusts (Hitchell, 
1977, Fig. 3.9C) . The reader is referred to Table 5 for a summary of 
features and differences between the Main Range and Eastern Belt 
granites. importantly the na t ure of mi neral isation associ ated with these 
magma types is di sti ncti ve, wi th the S-type il menite seri es granitoi ds 
hosting abundant Sn/W mineralisation, whilst I-type magnetite series 
granitoids have often associated with porphyry Cu, Au, Fe (':W) deposits 
(e.g. Loei, Eastern Belt Thailand, Fig. 3.9). 
I·lain Range granito ids were emp l aced mesozonally (6-10km, Fig. 3.10; 
Hutchison, 1977 , 1983) , as evide nced by the l ack of pronounced contact 
I 
CARBONIFEROUS 
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aureoles. The actual depth of emp lacemen t is dependent on the re gi on al 
geotherm al gradient and the water content of the magma (see 3.5 for 
further discussion). Ch emical, isotope and geolog i ca l data invo ke 
generati on by anatexi s of conti nental si al i c ba sement duri ng the 
collision event. Since the Tri assic the flain Range has been 
substanti ally upl i fted (K :Ar dates infer earl y Jurassi c t o 1 ate 
Cretaceous uplift), with present outcrop levels indicating unroofing of 
the batholith as a whole. 
Eastern Belt granites were emplaced at higher crustal levels (1-6km, Fig. 
3.10) with concomitant loss of water into the unmetamorphos ed country 
rocks, and pronounced contact metamorphism. Ch emical, isotope and 
geological data such as the associated rhyolite and pyroc lastic 
extrusives, and gabbroic precursors indicate much of the Eastern Belt 
likely to be derived from a more basic parent, possibly a mantle wedge 
and /or subducted oceani c 1 i thosphere rel ated to the earl i est peri ods of 
subduction activity. The granites are still exposed at a high l eve l, and 
the lack of erosion indicates that the region has been very stable since 
the Triassic (Hutchison, 1977). 
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3.3 Pan African tectonism in Southern Africa 
Late Proterozoic tectonism, commonly termed the Pan African event, 
effected 1 arge areas of the Afri can conti nent and adjoi ni ng areas of 
Brazil, Arabia, and Hadagascar (Kroner, 1979; Martin and Porada, 1977; 
Porada, 1979). Thi s event occurred over vari ous stages, and effectively 
constituted the final episode of a lengthy period of Proterozoic 
instability. The term "Pan African" is applied principally to a thermo-
tectoni c epi sode around 450-550Ma, although in general terms it can be 
used pertaining to rift-bound troughs (aul acogens and continental margin 
geosynclines) affected by this event and by earlier tectonism (lOOOMa-
450t·1a; Tankard et a1., 1982). 
In southern Africa the Late Proterozoic tectonism is related to partial 
continental splitting, rifting and spreading of the Kalahari, Congo and 
eastern South American cratons (Fig. 3.11), comprising a central portion 
of the larger Gondwana landmass. This resulted in the formation of a 
3000km cha in of ri ft-bound troughs fo 11 owi ng the western and southern 
coasts of the subcontinent. The chain is preserved as a series of 
remnants knowns as the coastal branch of the Damara Province, the Gariep 
Province and the Saldanian Province (Fig. 3.11; Tankard et a1., 1982). 
An intracontinental branch of the Damara Province extends NE through 
Namibia towards south central Africa. This has been interpreted as an 
aulacogen or failed rift (Hartin and Porada, 1977), related to a triple 
juncti on whi ch eventually spl it formi ng the Ri bei ra (South Ameri ca) and 
Damara Provinces, the northern branch and Gariep Province (to the south) 
constituting the preserved remnants of the triple point arms. The 
Sa 1 dani an Provi nce formed at the same time, is 1 ess well exposed, but 
appears to have similar rift affinities although the sedimeritation 
patterns reflect more a passive continental margin setting (see 3.3.3). 
The geotectoni c synthesi s of 
subsequent (and conjectural) 
Cambri an (Damara orogeny) and 
these Provinces has been compl icated by 
collisional/subduction processes in the 
Permo-Triassic (Cape Fold Belt orogeny). 
The foll owi ng outl i ne concerns only the Sal dani an and Damaran Provi nces 
as they host Sn-W mineralisation, discussed in Section 4.3. 
3.3.1 Saldanian Province 
The term "Saldanian" is here used to encompass late Precambrian tectonism 
that affected a number of continental margin basins in the Cape region, 
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now preserved as scattered in1 iers of pre-Cape Fo1 d Bel t age 
(pre-Hesozoic, Fig. 3.12). A tectono-stratigraphic subdivision includes 
the l~a1mesbury Group in the southwestern Cape (Fig. 3.13), and three 
elongate in1iers in the east comprising the Kango, Gamtoos, and Kaaimans 
Groups (Fig. 3.14). The stratigraphy of these groups is listed in Tables 
6 and 7. 
The poorly exposed pre-Cape i n1 i ers compri se a vari ed low-grade 
assemblage of sedimentary and metasedimentary rocks, ~Ihich have been 
affected by tight upright folding along NW-trending axes, with 
considerable displacement by shearing and faulting, during the Pan 
Afri can or0geny (Tankard et a1., 1982). General structural compl exity 
(especially overprinting by the later Cape Fold Belt orogeny) and poor 
exposure obscure the facies and stratigraphic relations and conceal the 
extent of lithostratigraphic units. The sedimentary succession has been 
intruded by syn- and post-tectonic granitoids (Cape granites). 
Sedimentati on 
Initi ati on of sedimentati on was around 950na, contemporaneous with 
rifting (the 'Proto Atlantic') and downwarping along N-S and NW-SE 
trends, and continued to about 600Ha. 
In the west the Ha1mesbury Group has a eugeosyncl ina1 character, whereas 
elsewhere the sediments characterise marine-shelf and alluvial 
envi ronments. Two maj or zones of di s 1 ocat ion, the Sal danha-Franschhoek 
and Piketburg-Wellington fault zones, divide the Group into three 
discrete northwest trending tectonic prisms - southwestern, central, and 
northeastern domains (Fig. 3.13; Hartnady et al., 1974; Tankard et al., 
1982) • 
The Tygerberg Formation, which comprises the southwestern domain, is 
dominated by turbiditic sediments, with minor limestone and conglomerate 
beu$, and local exposures of altered volcanic rocks (tuffs and brecciated 
flows of intermediate composition). The predominance of argillites and 
fining upward sequences in the greywackes suggest slow hemipelagic 
depositi on interrupted by occasi ona 1 turbi di te currents between abyssal 
plains and lower fans (Hartnady et aI., 1974; Walker, 1978). 
Central domain sedimentation is more variable, but appears to 
characterise more proximal deposition, with upwards-increasing grain size 
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Table 6: 
Table 7: 
.-- ......... 
Strati graphy of 
Province (Tankard 
Southwestern Tectonic Domain 
Tygerberg Fannation: Alternating 
shale and lin::·grained immature 
sandstone (regularly beddcd; 
structures include graded 
bedding. cross·beds. load casU. 
slump structures); rare lime· 
stone and conglomerate . 
lntennediate volcanic rocks 
brecciated). 
50 -
the ~Ialmesbury 
et a1., 1982) 
Group, Western Sal dani an 
CcnUal Tectonic Domain 
Franschhock Formation: Pebble to 
boulder conglomerate . arkose, 
subgraywaeXe, quartzite, and 
slate (lenticular geometry), 
Bridgetown Formalion: Basic 
rocks. chert. dolomite. lime-
stone, shale, and phyllite. 
Swartland Subgroup 
Moorrecsburg Formation: 
Irregular altemation or wacke 
and shale. 
Porseleinberg Formation: Well-
laminated quam-muscovite-
sericite schist with inter-
bedded phyllitic chlorite-
mwcovite schist. 
Klippl33t Formation: Quartz 
schist with mudelasl breccia; 
mica schist, basally quartzitic 
and cherty; rare lenses or 
limestone. 
Berg River Formation: Alter-
nating lenticular mica schist 
and quartz. schist. immature 
wacke. thin limestone, 
quartzite. 
Northeutem Tectonic Domain 
Boland Subgroup 
Brandwacht F onnation: Shale, 
graywacke with graded bedding. 
conglomerate; v~ry con glom· 
cronic b81;J.lly; metabasites in 
up~r part. 
Porterville F onnation: Phyllitic 
shale and line· to medium· 
grained graYW.:lcke in irregular 
units, conglomerate up to 90 m 
thick, limestone basally, 
quartzite, chert. 
Piketberg Fonnation: CO.:lrse-
gr:tined reldsp.:lthic sandstone, 
graywacke, conglomerate . inter-
bedded phyllite especially in 
south. rare feldspathic limestone. 
Pre-Cape 
(Tankard 
Saldanian Basins 
etal., 1982) 
of the southern . Cape coast 
KlJllo Group 
Unit J: Sc:hocm~n5 POOrl Formation.600 m 
Subukosic: undstonc with ban!,h IJlU lenses 
of conJ,lome rate 
Unil6: Cctwinds K13~1 Fm (in W). 1500 m 
Schoongclight Fm (in E). 1100 m 
Pebbly s;!.nd5tone gudin, westward into 
alternating sandstone IJld shJic 
Unit 5: Uilvlugt Formation, 1000 m 
Subarkosic sandstone. croM·bedded, 
lenses of congJomeute and mudstone 
Unit 4: Vnrtwcll Fonmtion. > 1000 m 
(onglomer.lte with sandstone in terbeds 
Unit 3: Huis Rivier Fm. (in W), 1500 m 
Shale p-:ldinl upward into ended quartz 
wa!;kc .... ith wlc UnKtureS 
Unit 2: Grocndontcin FOrMHt ion, :!400 m 
Altcmatin, unduone at1d shale, raT"ll ld 
bedded, sporadi!; limeuone lenses 
Unit I: ~htjiel RiVeT Fomution, 2300 m 
1300 m dolomit ic limestone (oolitk) with 
shlle, lill110ne, ind undltonc intcrbed~ 
in lower put 
1000 m ihalc and Irlyw1'l.;c, fubordina!e 
con,lomcr:llc lense! and limestone 
interbeds 
Unit 5: 
Arkosic s.:Ind~tonc, mo:dium to very 
COJ~ Irained, crou·heddell, 
mudstone:ll1u limestone interbeds; 
tliscontinuous ba~JI (on,lomer~te; 
rhyllitic I!pper pJrU 
Unit 4: (KJIJl) 
Dark limntono:" hrJrild, m~uiVl: 
bcds sct1Jnted hy Ihin beth of 
phyllite,l\uJrtzite, Jnd (~h:~n:ous 
1.J,nllUone 
Unit 1: 
Phyllite Jnllsh~le. Jnlll·o:.lue·1TJinl'll 
Irkosic unustone, thinly beulled; lenses 
of '"Cry ':o:.loc·,uinet.i ,r:ilnul~r sand510ne 
~nd ~on,lomer.lte 
Unit:!: (Kkinfon\l-inl 
DJr\t dolomitk limcuonc hparitd, 
thin inc.:rbcds of nkJ~OLlI alld 
pyriti..- l'Jrbon'CCOII\ ~h~k 
Unit I : 
Phyllite, ""ith kusn of I'yri!i~' 
urhon~..:eO\ls 'hJk 
K.uim1I'U Croup-
Unit 1: Homtlnl Fonnltion 
Altemal in, 51lle, phyllite, ,nywl('k.:; 
len tic \lIar inleTbed! of e01rK"V3ined 
l.1ndltone 1nd (otlzjomente 
Unit 6: Victoria Bay Form1lion. 85 m 
CourK'lnined arkosic sandstone, 
knlicubr .:onr-Iomente intctb,ds, 
eo:(uion~1 thin beds of marble: 
Unit 5: Suclkrul Formation, 300 m 
Phyllite and Sl.:hisl, local ly rhylhmiclily 
Jltem~tin,; some hornfels anu 
sandstone interbeds 
Ur.it 4: Skla .. l:c.p FOlm.:ivn, ~60 m 
QU3rIZ.ite. medium to COlD( ,r1ined. 
phyllite mctli:.llly. Phyllite (6m) bas.Jlly 
Unit 1: Sandknal Formation. 300 m 
Ou~rll·scricile schist, arena':eous, 
l'arJl1d bedded 
Unit ~ : Sa",,, .. :id Fomnlion. 600 m 
AnllJlllsitc·hcJrint biotite schist. 
hOTnfl'll, arlO'lIa(toul rnk~ $o(hist 
Unit I : Silve r R.i~r Form~t ion, 1300 nl 
('htontc-ridl I'hylloniti.,' I"SJmmitt:ll1d 
kmipoclite. ~0f\1( thinly beudrd 
1P'~)'''''~l· k(. r~le \l11\<:stol1' 
(bue I1n l. no",,") 
(A) 
(8) 
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Figure 3.13: 
The Nalmesburg Group, 
western Saldanian 
Province : 
A) Block diagram to 
show stratigraphic 
relations between the 
three tectonic domains. 
B) Geologic map of the 
~Ialmesbury Group and 
younger Cape granites 
(Tankard et al., 1982) 
Figure 3.14: 
Geologic maps of the 
miogeosynclinal Kango 
and Gamtoos Groups and 
the eugeosynclinal 
Kaai mans Group in the 
eastern Saldanian 
Province (Tankard et 
a 1 ., 1982) 
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(c onglomerates) and less maturity. Lower successions have thin 
lime s tones, whilst stratigraphically higher alternating wacke and shale 
sequence s have associated intrusive and extrusive basic volcanics. 
Deposition of the uppermost heterogeneous Franschhoek Formation appears 
strongly controlled by the prevailing tectonic activity, which is likely 
to have involved basin subsidence along numerous listric faults. A 
continental margin setting, with gradual subsidence due to extensional 
tectonism, can be invoked to account for the salient features. 
The northeast doma in is domi nated by vari ab 1 e shale and greywacke units, 
with conglomerates (up to 9Dm thick), limestone, and chert. There 
appears evidence for both marine (shelf) and alluvial environments of 
deposition (Stump, 1976; in Tankard et al., 1982), with the former 
dominant and attesting submarine fan sedimentation. 
In the eastern Saldanian Province (southern Cape region) the orogeny was 
also accompanied by deposition of thick sequences of sediments in 
marginal and rifted basins, now preserved as three elongate inliers in 
the Cape Fold Belt conta i ni ng the Kango, Gamtoos and Kaaimans Groups 
(Fig. 3.14). The Kango and Gamtoos sedimentary successions have 
'miogeosynclinal' characteristics, whereas the Kaaimans Group is 
'eugeosynclina l' (Tankard et al., 1982). The sedimentary suites include 
terrigenous clastic and carbonate rock types that have been subjected to 
low grade regional metamorphism. They are tentatively correlated with 
the ~Ia lmesbury Group sediments, and were deposited in a long, relatively 
narrow embayment (a rifted east-west basin) subject to variable marine 
transgression/regressions (Le Roux and Gresse, 1983; Le Roux, 1983). 
Metamorphism and granite plutonism 
The regional metamorphic grade of the Saldanian rocks varies from 
nonmetamorphosed rocks that have undergone only diagenesis, through very 
low grade rocks that have undergone buri a 1 metamorph i sm to low-grade 
iccks ITi2taii10iphOSed to greenschist facies (Hartiiady et al., 1978). The 
associated tectonic fabrics indicate that the metamorphism occurred 
during the pre-Cape Saldanian orogeny (Tankard et al., 1982). 
The orogeny is marked by the empl acement in the southwestern Cape of at 
least 2S syn- to post-tecton ic high level granitoid plutons, correlative 
to the pos t-tectonic Kuboos-Bremen intrusives in the Gariep and 
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Richtersveld Provinces. The distribution of the more important plutons 
is illustrated in Fig. 3.15. There is widespread evidence of multiphase 
intrusion, supportea by a range of Cambrian radiometric dates from 600f.1a 
to SOON (Allsop and Kolbe, 1965; Burger and Coertzee, 1973; Schoch et 
al., 1975; Schoch and Burger, 1976). Pb-Pb isochrons, which may be 
reasonable indicators of primary ag es of intrusion, give ages of 522 
+ 12ma for the Saldanha rhyolite porphyry (Schoch and Burger, 1976), 530 
+15t1a for the adjacent Bredenberg granite, and 600 +20Ma for the 
Hoedjiespunt (part of the Saldanha Batholith), Darling and Cape Peninsula 
granites (Schoch et al ., 1975). 
The plutons are exposed as upfaulted or upfolded inliers in the Cape Fold 
Belt, and comprise two distinct geographic groups 
i) an eastern group, comprising a multiphase batholith at George (Fig. 
3.14, Krynauw, 1983), with east-west elongation and penetrative 
(largely Cape age) tectonic fabrics, and 
ii) a southwestern group which are elo ngated NW with variable 
deformation (Fig. 3.12). 
The exposure pattern of the basement granites is 1 argely controlled by 
the fold trend in the Cape cover (see Fig. 3.12), although these trends 
are also manifested within the t,jalmesbury country rocks, and reflect the 
syn- to post-tectoni c emplacement of the plutons. The ti mi ng of 
emplacement relative to the metasediments is also substantiated by shear 
belts which transect and border some of the intrusions, although there is 
good evi dence that there has been repeated reactivation of these fault 
zones (e.g . the Saldanha-Franschhoek and Piketberg-Wellington fault 
zones) . 
The Cape gra nites have been divided into two groups on the basis of their 
major-element geochemistry (Schoch et al., 1977). An older group 
displays magmatic differentiation trends (hornblende-biotite to biotite 
granite) and coarse-grai ned and megacrysti c to fine-grained textures, 
with partial foliation. Contamination due to assimilation of 
metasedimentary rocks is evident, with the presence of cordierite and 
muscovite, and well as an antipathetic correlation between feldspar and 
biotite (Schoch et al., 1977). Low- to medium-grade contact metamorphic 
aureoles are discernable. A far less voluminous (5 -1 0% of the suite), 
younger group of granites have leucogranite compositions, devoid of 
differentiation trends, and invariably intrude the older granites. 
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Siegfried et a1. (1984), reporting on the Paarl pluton, distinguished six 
granites on textural and mineralogical grounds:- porphyritic granite, 
medium-grained granite, fine-grained granite, quartz porphyry, 
aplogranite and a hybrid granite. The latter is interpreted as restitic 
material indicative of a more basic parental magma. Petrographic and 
major and trace element geochemistry and modelling invoke a 
restite-mixing origin for the porphyritic and medium-grained granites, 
whilst fractional crystallisation is proposed for the fine-grained 
granite . Associated quartz veins, quartz porphyries, pegmatites and 
aplites are all late stage intrusions. 
A complete analysis of published geochemical data and petrographic 
descri pti ons of the Cape granites is out of the scope of the present 
work, hOlvever perusal of whole rock data presented by Kolbe (1966), 
Schoch et a1. (1977), and Siegfried et a1. (1984) indicates the likely 
presence of magmas with affinities to both S-type ilmenite series (the 
"01 der" granites) and I-type magnetite seri es (the "younger" granites). 
Field relationships and radiometric dating suggest that the granites are 
largely formed by anatectic processes (Fig. 3.15B), This would account 
for the clear evidence of granite/metasediment mixing, as well as the 
younger intrusives that have been emplaced as discrete plutons into the 
larger earlier batholithic granites. It is speculated here that 
different styles of mineralisation could be associated with the two 
phases of granites:-
i) Sn(W) in greisen environments related to the early ("S-type 
ilmenite series) granites, and 
ii) porphyry Cu-No-(W, Au) with the later (I-type magnetite series) 
granites. The writer is unsure if in fact the Saldania Province 
has been fully assessed in this respect (e.g. Sn-W, Cu-Mo-W 
metallogenie provinces). 
Of interest here is the close simularity of the above scenario to that 
documented in New Zeaiand (Pirajno, i983; in press, Pirajno and Bentley, 
in press), where such metallogenic provinces have been distinguished. 
Intere s tingly, so-call ed I-type granites have evolved through anatectic 
processes, but appear in some cases to have gained S-type chemistry 
through emplacement at high structural levels where interaction with 
H20 beari ng country r ocks (e.g. metasediments analagous to the 
11al mesbury Gr oup) evolv e s high sil ica types, leading to post-magmatic 
alte ra t i on of the gre isen t y pe, producing Sn-W deposits (Pirajno, 1983). 
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One can further speculate that the granites may hav e formed from 
"anorogenic asthenospheric diapirism" type magmatism related to early 
crustal extension and thinning, (giving the S-type granites) followed by 
closure/compression resulting in limited sub duction (and I-type 
granites) . The overall scenari 0 is further compl i cated by Cape age 
thrusting, which has generally modified the tectonic emplacement of the 
various plutons. 
3.3.2 Damara Province 
The Damara Province forms a part of the Pan African mobile belt system 
which largely fringes, but also transects the African continent (Fig. 
3.11). Recent overviews on the tectonic evolution of the Damara Province 
(Martin, 1983a, b; Tankard et al., 1982) point to a model initially 
comprising a triple-junction (see Burke and Dewey, 1973; Burke, 1977 , 
1978), with two arms forming the present NW trending west coast of 
Namibia and eastern coast of Brazil, and the third an aulacogen 
projecti ng NE into th e cratoni c i nteri 0 r. Thi s i ntraconti nenta 1 branch 
is well exposed across its 300-400km wi dth, and thus is the better 
studied part of the Damara Province. Several structural and 
lithostratigraphic domains are distinguished (Fig. 3.16) and metamorphism 
ranges from low-grade at the southern and northern margins to high-grade 
in central areas, where voluminous granitic plutonism with attendant U, 
Sn and W mineralisation is preserved. The following discussion outlines 
aspects of the structural subdivision, sedimentary, magmatic and 
metamorphic history of the Province. 
Structural subdivision 
The Damara Provi nce di spl ays a strong structural and metamorphi c 
asymmetry . Four tectonic zones, all with contrasting geotectonic 
settings, are recognised in the intracontinental branch (Figs. 3.16, 
3.17; Martin and Porada, 1977; Porada, 1979; Tankard et al., 1982; 
· '·lartin, 1983): the Northern Platform zone (approximately 80km wide), a 
Northern zone ( "transiti ona 1 zone" of Ma rti n and Porada, 1977 ; 
approximately 40km wide), the Central zone (approximately 160km wide), 
and the Southern marginal zone (approximately 150km wide). 
The Northern Platform zone, which incorporates the Otavi '·lo untain l and, 
overlies the rigid and stabilised Congo craton , which shielded it from 
orogeny. Tectonism was restricted to upright f olding with slight 
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Figure 3 .16 : Tectonic map of the Oamara and Gariep Province, showing 
tectoni c zones, eugeosync 1 i ne-mi ogeosync 1 i ne bounda ry, pre-
Oamara basement inl iers, and southern marginal thrust zone 
(Tankard et al. , 1982). 
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northward vergence and weak metamorphism. The Northern zone, 
incorporat ing the Kamanjab and Grootfontein basement inliers, appears to 
have acted as a kind of hinge zone between the carbonate platform in the 
noeth and the subsiding trough of the Central zone to the south (Fig. 
3.18). The Northern zone has undergone greenschist facies metamorphism 
and polyphase deformation, resulting in tight folds of variable axial 
trend (Martin and Porada, 1977). 
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Figure 3.18 Schematic stratigraphic cross section across the Damara 
province showing the control of the stratigraphic elements 
by extensions (rift) faulting (Tankard et al., 1982 ) 
The structure of the Ce ntral Zone is characterised by domal antiforms, 
elongated along the main SW -NE trend, and by synforms containing Kuiseb 
schists (see below) and syn- to late-tectonic granite (Salem-type ). The 
structures are 1 argely SW verging fol ds produced duri ng an r~2 phase of 
folding, ana interpreted to form large flattened tubes or sheath folds, 
commonly over 10km in wavelength (Coward, in press). The intense 
deformation is considered by Coward (op. cit.) to be due to a large 
low-angle shear zone , converse to other geodynamic models (see subsection 
3.3.3). The domal structures are attributed to diapiric deformatio n due 
to the uprise of late stage granites and pegmatite concentrations. 
The Okahandja lineament (Ol, Fig. 3.17) forms a fundame ntal tectonic 
boundary which divides the Central and Southern t·larginal zones. The 
monoclinal flexure has been invaded, and is largely obscured , by the 
post-tectonic Donkerhoek granite (520-5UOMa; Martin, 1983a). A distinct 
transition occurs from "dome and basin" structures of the Central zon e to 
steep foliations in the Southern zone (Fig. 3.19). Prog r es sing SE this 
is overprinted by a younger foliation, which gradually becomes inclined 
to a l ow angle (+30°) NW. The tectonic sty le is cha racter i sed by intense 
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strain fabrics, south- to southeast verging overturned to recumbent early 
folds, and imbricate interslicing of Damilra a:l d bas e;ne nt rela:ed to 
overthrusting (Tankard et al., 1982). 
Sitek!' se.c.t,o" NW - Sf of -/f.e -p,..dq",eYlt"{ sfrudura( e{et>len+s Nt1J,,'11 
+he. so"tf,e/'n M''::I,oaf ;toile. Nok -Mc<f +he. Sc"f!,efl1 :Jc.1e. IS markeri 
6y sfeep fo/loJ'QA{ whereas fa '!he. S<Juf4 If is ovuprrYlfed. t:J o..,J0ujer 
{ol/G\no(/ ar-o.d.Ma.L[:J be.c..,ylf/rt3 If/cJl>1ed. ~ 30° +0 -rnz... jJw. ("<j0r 
~1't{.5f,;1 fe.do"ic. s/i£-i11j (N<1.J C/1MIctu';j of Ul.{.<;/<tJ 'i/7.o.iericd. h.OJ.J 
bet2-n.- ,,,,fupt·de.cf. {VI '-ft0 o...Joe.o... 
Figure 3.19: Sketch of the fundamental structural elements within the 
Southern marginal zone 
The southern margin of the Damara Province is marked by a southeast 
verging thrust zone some 400km long (including the Areb shear belt, ASS 
Fig. 3.16), which represents the culmination of horizontal tectonics in 
this area (Coward, in press). Allochthonous Damaran thrust . nappes 
(Naukluft Nappes), comprising mostly Swakop Group metasediments with 
subordi nate Nama depos:its were emp1 aced as intensely deformed rocks on 
01 der undefonned grani toi ds and subsequently i nfol ded wi th the basement 
(Tankard et a1., 1982; Hartnady, 1979). Recent investigations Ulartin 
et al., 1983) indicate that the root zone of the Naukluft Nappe Complex 
was in the thrust belt forming the southern margin of the Damara 
Province, probably originating as a mobilised mYlonitic sludge with a 
high content of hot saline fluid. The saline fluid is thought to have 
been derived from evaporite beds in the lower Damaran Duruchaus 
Formation, which fills ~ deep basin approximately 90km to the north-east. 
Sedimentation 
Illustrations of the stratigraphic nomenclature and proposed correlations 
of stratigraphic subdivisions, intrusions, and mineral ages, metamorphism 
and deformat ion phases are given in Table 8 and Figs. 3.20, 3.21. 
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Table 8: Lithostratigraphy of the Damara Sequence (Martin, 1983a) 
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The earliest sediments generally show shallow water or terrestrial 
sedimentary affinities, 
2.0Ga, Jacob et al., 
throughout the Province. 
and were 1 ai d on pre-Damara basement (to about 
1978) preserved as large inliers scattered 
Sedimentation was initiated 1000-900Ma ago with 
infilling of fault-bounded troughs in rifted continental crust. These 
troughs (Nosib Grabens) are about 50-70km wide and 200km long, and have 
been recognised trending NE within the intracontinental branch as well as 
in the northern coastal branch (Fig. 3.22, Porada, 1983). Upper zones of 
the Central and Southern rifts locally host synsedimentary Cu, Pb, and Ag 
mineralisation (e.g. Namib Pb, Oamites CU-Ag, Klein Aub Cu, and Witvlei 
Cu) • 
Around 830~la further rifti ng and extensi onal tectoni cs wi dened the area 
of deposition, resulting in the coalescing of these troughs, and 
sedimentation overstepped the basement highs. The 'mio-eugeosyncline' 
diachotomy began, with the Otavi Group platform succession accumulating 
on the gently subsiding foreland of the Congo Craton, and flysch-type 
clastics of the Swakop Group deposited in a deepening trough (Khomas) to 
the south (Table 8, Rift stage Figs. 3.18, 3.20). In the Northern zone 
the Otavi Group unconfonnably overlies the Nosib Group and basement 
(Table 8), and consists of a thick (to 7km) platforTn succession of 
stromatolitic dolomitic li mestone with subordinate marl near the top. 
Figure 3.20: 
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These sediments accumulated in a stable and largely shall ow mari ne 
envi ronme nt 830-760~la, and host the Tsumeb-Komb at Cu-Pb-Zn 
mineralisation. The carbonate platform underwent gentle folding and 
erosi on, evi denced by an angul ar unconformi ty, and was 1 ater covered by 
mol asse-type sediments of the !·iul den Group around 5501'la. 
In the Central region of the Province the oldest sediments are coarse 
probably fluviatile clastics (Etusis Fm) overlain by quartzites, schists 
and impure carbonate now preserved as calc-silicates (Khan Fm), which 
together comprise the Nosib Group. They are thought to be broadly coeval 
with a suit of potassic lavas (Naauwpoort Volcanics) and associated 
syenites and carbonatites exposed along the northern margin (~Iartin, 
1983a; Hawkesworth and Narlow, in press). 
There is a slight discordance before passing up into a variable sequence 
of carbonates, quartzites, conglomerates, pel ites and locally graphiti c 
schists (Table 8). This is the start of a rift-trough (or geosynclinal 
sequence) which reaches its greatest present-day thickness (12-14km) 
along the margins of the Province (t'lartin, 1983a) . Carbonate rocks are 
usually present, but tend to be dominant in the north (above) and 
subordinate to clastic in the south, where the bulk of sediments are 
turbiditic biotite schists (Kuiseb Fm) within the Khomas troug h. The 
deepest parts of the Khomas trough are preserved in the Southern !1arginal 
zone, where great thicknesses of the Kuiseb metapelites are tectonically 
thickened by recumbent folding and imbricate thrusting (Tankard et al . , 
1982) . 
Amphibolite metavolcanics (the Hatchless Belt and Schlesian Line) occur 
stratigraphically high in the schists. These intensely deformed rocks 
apparently have oceanic (MORB) chemical affinities, and have been 
interpreted by some authors (Hartnady, 1979; Burke et al., 1977) to 
represent obducted oceanic crust, constituting a suture li ne (i.e . 
resultant from subducti on and coll i si on). There is sti 11 conjecture 
pertainiiig Lo Lhis hy po thes is, interestingly constrained by paleomagnetic 
evidence, (t1cWilliams and Kroner, 1981,) and also the fact that the 
11atchless Amphibolites have associated Besshi-type Cu-Zn mineralisation 
(not Cyprus-type, of ophiolitic affinity). 
The final 
deposition 
sedimentation cyc l e of the 
of continen tal sediments 
Damara orogen 
(molasse-type) 
involved the 
derived from 
pre-existing Damara rocks. These comprise the Na ma and ~Iulden Groups in 
the south and north respectively, which unconformably overlie the Kui seb 
Fm. and are now on l Y weakl y metamorphosed. 
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in the "geosynclinal" stage has already been discussed, and 
extensional tectonism and aulacogen formation (Hartin and 
1·lartin 1983a; Porada, 1983). Significantly the magmatic 
activity that occurred during this stage was non-granitic, essentially 
consisting of syenites and diorites. Probably as early as 680fla (Fig. 
3.20) compressional tectonics became predominant, forming NE-SW trending 
fold structures, and leading to crustal shortening and thickening, with 
concurrent heating and metamorphism. Nagmatism after the change from 
extensional to compressional tectonism is solely granitic (Haack et al., 
1983; Haack and Martin, 1983a). 
Generally granites in the Damara Belt are not known petrographically or 
chemically in great detail. The Central zone of the Damara Province is 
dominated by granitic rocks varying from diorites to granites and highly 
potassic alaskites. Four main types are generally recognised: Salem 
granites, Red granites, leucogranites and alaskites. Recognition of 
these types is largely based on macroscopic characteristics, and often 
little geochemical or isotopic data · is known. Thus, there are many 
granites which, on the basis of their description in the literature, 
don't fit readily into any of these four categories. Fig. 3.23 
illustrates the distribution of the granitic rocks relative to Pre-Damara 
basement. 
Pre-Damara granitic basement is exposed at the northern and southern 
margi ns and innumerous i nl i ers wi thi n the intra-conti nenta 1 branch of 
the Damara Province. Radiometric ages (U/Pb) indicate that those in the 
north and centre of the belt were formed 2Ga ago (Burger et al., 1976; 
Jacob, 1978), whereas those to the south are approximately 1.lGa old. 
11afic, acid volcanics, and granitic magmas were produced then. In the 
Central zone the basement consi sts of augen gnei sses, metasediments and 
some metavolcanics. 
In general terms the Salem and Red-granites exhibit a range of ages - the 
Salem type granites are now known to have intruded in a r.umber of pulses 
from about 5501·1a to 460t·la (Puhan, 1983; flartin, 1983a). 1·lelts of this 
type were emplaced over a time span of about 100Ma, outlasting the time 
of intrusion, 520Ma ago, of the post-tectonic Donkerhoek Granite plutons 
into the Okahandja Lineament and the adjoining Southern zone (t'lartin, 
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the CZ an d NZ of the Damara Province (after 1·liller, 1981) 
- 67 -
1983a). Undeformed Rea granites in the Northern, Central and Southern 
marginal zones give ages of 510 to 495/'la (Hawkesworth et al., 1981) . The 
Sa 1 em and Red grani tes are both syn- and post-tectoni c, where as the 
leucogranites and al askites tend to be younger and post-date the 1 ast 
major regional deformational fabric (F2 , 510~la, according to Haack & 
r~artin, 1983; Fig. 3.21). Salem-type granites range in composition from 
diorite to adamellite (Miller, 1973), and often occur as discrete 
intrusive centres, or batholiths. Macroscopically they contain, in a 
biotite-rich matrix, large alkali feldspars which frequently enclose rims 
of biotite and porphyroblastic garnets (Haack et al., 1983). An origin 
by in situ granitisation or melting was formerly invoked for the Salem 
Suite, largely because in the area Sand SE of Karibib these granites 
occur preferentially in synclinal structures above the level of the Chuos 
Formation and are underlain by the thick Karibib marble which usually 
di ps towards the centre of the plutons (Jacob, 1978; Smith, 1965). 
Helts may have been generated by anatexi s of the Khomas Subgroup 
metasediments at depth, with subtl e i ntrusi on vi rtually confi ni ng the 
granites to the stratigraphie level of the Khomas Subgroup (Jacob, 
1978). Further studies to the north (Miller, 1973) have also elucidated 
a possible source from · Damara metasediments. However, the pulse type 
intrusion of the Salem-type granites over a period of about lOOMa 
(above), and large differences in initial Sr-isotope ratios and ages 
provide evidence against a common rock source for the "suite" (Haack et 
a 1 ., 1983). They are now consi dered ea rly syntectoni c, and to have 
generated from ,lithin the crust (not in situ) even though feeders are not 
visible (R. Jacob, pers. comm., 1984). Leucogranites have been 
recognised as the youngest member of the suite, although they lack "Salem 
characteristics" (Jacob, 1978; Haack et al., 1983). The Salem-type 
granites appear to be the principal hosts to Sn-W mineralisation in the 
Central and northern Central zone, coupled with reactivated granitic 
intrusions of Karoo age (see below). At present there is no published 
data concerning the Sn-W contents of these granites, or even an 
assessment as to whether there is any meta 11 i c speci ali sati on (e. g. as 
there is In U in the Central zone, see below). 
In contrast to the Salem-type granites, the Red granites are 
characteri sed by a low 
K-feldspar (Pl ate 2A). 
percentage of ferromagnes i an mi nera 1 s and hi gh 
They occur as domes or in dykes and lit-par-lit 
intrusions at the level of the Nosib Group and basement beneath the 
Karibib marbles. They are thought derived from a combination of partial 
melting of the Nosib Group and reactivation of the basement (R. Jacob 
pers. corrm., 1984). 
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Significantly the basement gneisses are abnormally radioactive (up to 
about 50ppm U308). Outcrops of sheared and foliated basement augen 
gneiss were observed, with dykelike streaks and veins of Salem-type 
granite intruding shears, whilst blotches of red granite can be observed 
within and transgressing the foliation (Plate 28). These features 
indicate the initiation of generation of the Salem- and Red granites. 
They are post-dated by alaskites, characterised by high alkali contents 
(5-6.5%K 20, about 3.0%Na20), and an anastomosing and vein-l ike style 
of intrusion. The alaskites are significant for their economic uranium 
mineralisation (Rossing ~Iine, Valencia and Ida Prospects). The alaskites 
can be seen locally to be der·ived from in situ melting of both the 
pre-Damara basement gneisses and Nosib metasediments, and coupled with 
Sm-Nd systematics, thi s indicates that of all the Damara granites the 
alaskites were derived from high structural levels (Hawkesworth and 
flarlow, in press). 
The emplacement of the alaskitic uraniferous melts is largely restricted 
to the western part of the Central zone (Khan-Swakop area) where 
high-grade metamorphism and anatexis prevailed. Dating of the 
emplacement of the uraniferous alaskites is problematical, as they are 
poor in Sr, are small bodies, are very rich in feldspar with only 
subordinate biotite, and U/Pb dating is complicated by 2' uranium 
mineralisation (Haack and Martin, 1983). Published Rb/Sr ages are around 
460Ma for the Rossing Mine (Kr6ner and Hawkesworth, 1977), 542! 33Ma for 
Ida Prospect (Marlow, 1982), whilst alaskites at Goanikonites gave 
monazite and uraninite ages of 508 + 2Ma (Brique et al., 1980, in Haack 
et al, 1983). 
The Donkerhoek Granites (520f.la, Fig. 3.23) are two mica granites and are 
confi ned to a zone !250Km long and 30km wi de confi ned to the Okahandj a 
Lineament zone. These granites intruded not long after the peak of 
regional metamorphism (see Fi9. 3.21) into a still very hot environment 
(Haack et al., 1983) and thus are essentially late to post-tectonic. The 
gr'anites are only sl i ghtly deformed, as they were affected by only the 
very last movements of the Lineament. Initial Sr-isotopic ratios 
(0.707-0.712) indicate variable sources, possibly reflecting a 
differentiation sequence, and substantiated by the large number and great 
volume of associated pegmatites and aplites, Geochemical modelling of 
the Donkerhoek granite (Schmit in prep., in Martin, 1983a) indicates a 
source composed of both mantle derived and sedimentary rocks (e.g. a 
sequence of oceanic tholeiites and interbedded pelites in varying 
Plate 2A: 
Plate 2B: 
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Red gneissic granite, with alaskitic and reactivated basement 
i nj ecti on 
Basement augen gne i ss with streaks and veins of Salem-type 
granite, and blobs of Red granite transgressive and parallel 
to the foliation. 
proportions). Partial 
tempe ra tu re th an the 
Sorris-Sorris granite in 
is probably correlative 
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melts formed at greater depths and hi gher 
parent melts of the Salem granites. The 
the northern Central zone (Brandberg North area) 
to the Donkerhoek Suite. Other very late- to 
post-tectonic granitic stocks, sheets and anastomosing veins include the 
highly radioactive Bloedkoppie granite, from which the Langer-Heinrich 
sedimentary uranium deposit is probably deri ved. 
Non-granitic intrusions within the Province include, in the Northern and 
Central zones, diorites (Palmentall and syenite, the latter associated 
with carbonatite in the Northern zone. These intrusions are older than 
or contemporaneous with the tectonic event which marked the initiation of 
compressional tectonism (about 550~la), and formed the NE-fold trending 
structures (F l ). They are genetically different from the later 
granitoid intrusives, largely representing new additions to the crust 
whereas the grani toi ds are deri ved rna i nly from reworked older crustal 
material (Haack et al., 1983). 
The next major magmatic event in Namibia involved hypabyssal intrusives 
and lava flows spanning the period 190-110Ma. This preceded and 
accompanied continental rifting in Western Gondwanaland which culminated 
in the separation of South America from Africa (Marsh, 1973; Marsh et 
al., 1978). The late Karoo magmas of the hypabyssal igneous suite overly 
Damara Sequence metasediments and Permo- - Tri assi c Karoo sediments 
(Seidner and ~Iitchell, 1976). They comprise linear belts of ring 
compl exes of hi ghly differenti ated thol ei iti c and al kal i ne rock types 
which trend perpendicular to the coastline (Fig. 3.24; Marsh et al., 
1978), and regional swarms of dolerite dykes. Extensive basaltic lava 
fields were also formed (e.g. the 900m thick Etendeka Plateau lavas, 
approximately l2Dr·tyr; and inland from the Cape Cross area (pre-132~lyr). 
Of pertinence here are .the late- to post-Karoo alkaline ring complexes 
(e.g. Brandberg, Erongo) which are spatially related to Sn and W 
mi nera 1 i sati on (see Secti on 4.3). At present it is not sure wha t the 
overall temporal relationship is between these intrusives and the 
mineralisation, but it is feasible that reworking of the Damara basement 
lithologies may have aided further concentration of elements such as Sn, 
W. The ring complexes are confined to 1 inear structures interpreted as 
transform faults (Marsh, 1973) which are directly related to the rifting 
of South America and Africa 120-135Nyr ago. The transforms are 1 ikely to 
have taken advantage of pre-existing weaknesses in the intracontinental 
branch dating from initial aulacogen propogation around 1000Ma. 
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Figure 3.24A: Geological sketcn map OT ~ne uamara rrOVlnce snowlng 
Karoo lavas, sediments, and ring 
and Mitchell, 1976) 
Figure 3.24B: 
t.1etamorphi sm 
di stri buti on of 
complexes (Seidner 
The South Atlantic 140my ago, showing the distribution of 
alkaline complexes in Africa and South America. A-
Ango 1 a Provi nce; 0 - Damara 1 and Provi nce; L - LUderi tz 
Province; U - Uruguay Province; B - Brazil Province, 
Damaraland Province 1, Okorusu; 2, Paresis; 3, 
Etaneno; 4, Ondurakorume; 5, Kalkfeld; 6, Osongombo; 
6, Otjihorongo; 8, Okonjeje; 9, Brandberg; 10, Doros; 
11, Messum; 12, Cape Cross; 13, Klein Spitzkop; 14, 
Gross Spitzkop; 15, Erongo (after Narsh, 1973). 
It is now recognised that the first phase of development of the Damara 
Province involved an extended period of deposition on a rifting and 
stretching continental crust, lasting over 300~la and ending before 550Ma 
ago, possibly at about 650f1a ago (Haack et a1. 1983; 1'1a rtin, 1983a, Fig. 
3.20). The second phase of development is marked by a change from 
extensional to compressive tectonics. A relatively rapid evolution 
occurred between 550 and 51 011a , involving deformation, crustal 
thick en ing, uplift, metamorphic heating an d volumi no us granitic 
intrusi ons , terrn inating aro und 4501·la ago. 
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The grade of metamorphism increases from the margins of the Province 
towards the Central zone i.e. from lower greenschist to granulite facies 
(Fig. 3.25). ~lineral growth phases are attributed to a gradual 
progressive increase in grade, (Hiiffer, 1977, in Miller, 1981) or to two 
separate peaks of metamorphism separated by a drop in temperature (Barnes 
and Sawyer, 1980; Kasch, 1979). Arguments for polymetamorphism are 
based on observations which 'show that structural fabrics, formed during 
the growth of certain prophyroblasts, were deformed (plicated or rotated) 
prior to the growth of new metamorphic mineral assemblages requiring 
changed P-T conditions (Martin, 1983a). However conjectural evidence 
exists, such as low, grade assemblages (pre- or syntectonic cordierite-
garnet-sillimanite porphyroblasts) in close proximinity to higher grade 
(post-tectonic cordierite K-feldspar-garnet porphyroblasts) in the 
southwest of , the Central zone (Barnes and Sawyer, 1980). The change from 
low to hi gher grade may be accounted for by one prolonged epi sode of 
prograde metamorphism during which the rate and style of deformation 
changed (Martin, 1983a) . 
. P-T conditions in the Central zone were low pressure (3-4Kb), high 
temperature (590-660°C; Puhan, 1983). In the Southern zone P-T 
conditions were around 6-10kb and 560°C. The actual thermal peak (560°C) 
would not coincide with the pressure peak, as during orogenesis 
metamorphic conditions tend to move through a P-T loop (e.g. see Limpopo 
Belt, Barton, 1983). The temperature peak was reached after the 
cessation of the last major petrofabric forming deformation (Puhan, 
1983). The Central and Southern zones, with respect only to their P-T 
conditions, thus resemble a paired metamorphic belt. The highest 
temperatures (max . about 600°C, Fig. 3.25) were in the western part of 
the Central zone where partial melting of metasedimentary rocks was 
locally fairly extensive. 
The peak of regional metamorphism was attained in the Okahandja Lineament 
Zone and in the adjoining parts of the Central and Southern zones. The 
pe~k occurred prier to the intrusion of the Donkerhoek plutons 520Ma ago, 
and after the termination of the main deformation events (F l , F2 , 
F3 - although different workers, recognise more in different areas). 
In the northern part of the Central zone the peak was reached at about 
the same time (514.:t::. 22Ma ago), but during or just after F2 and prior 
to F3 , inferring diachronous structural events (~lartin, 1983a). In 
general terms, right across the Province, the metamorphic peak was 
r eached at around 530fola ago (Fig. 3.21; Haack and t·1artin, 1983). 
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3.3.3 Geodynamic models 
Saldania Province 
Considerable research in the Cape Fold Belt has clarified certain aspects 
of the geodynami c evo 1 uti on of the Belt, howeve r no synthes is has yet 
been provided for the Saldanian Province. This is due to the poor 
preservation of the Province, coupled with a lack of exposure, and al so 
the severe tectonic overprinting by the later Cape orogeny. 
I t appears that the Prov i nce formed as either an i ntracratoni c bas i n 
(aulacogen) or continental margin peripheral to the Kaapvaal/Namaqualand 
craton, essentially in response to Pan African extensionism related to 
initial attempted splitting of Gondwanaland. A certain amount of 
divergence (rifting) is envisaged, which importantly occurred at a slow 
rate, enabling fairly lengthy periods of turbidite sedimentation, as well 
as reworking of more proximal neritic sediments during later stages of 
the orogeny. The minor volcaniclastic component of the ~Ialmesbury Group 
was probably introduced along rift-fault margins. The lack of any 
substantial basaltic pile or ophiolitic assemblage points to probable 
opening of the rift to a narrow ocean stage (Fig. 3.26). It is suggested 
that the fragmentation of Gondwanaland largely removed axial portions of 
the rift sequence (turbidite/flysch sediments ~spilites?), and that what 
I i ttl e is preserved now of the Sal dani a Provi nce constitutes the rift 
shoulder environs. Tectonism during the Pan-African included a 
compress i ona I phase (with low grade metamorphi sm) and syn- to I ate- and 
post-tectonic granitism. A cross-section of the Cape Fol d Belt (Fig. 
3.27) i ndi cates the present exposure of the grani tes as upfaulted or 
upfolded inliers within the Cape Fold Belt. It is feasible that most of 
the granites were emplaced in rift margin areas adjacent to where maximum 
extension occurs (Fig. 3.26B), utilising the faults shears and planes of 
crustal weakness in this zone to facilitate diapiric uprise. Closure and 
mi nor colli s i on wi thi n the Sa I dani a Provi nce around 700-60011a may have 
also gene(ated sufficient heat to cause gener'ation of melts along the 
shear zones, (see secti on 2.0), whi ch appear to have been reacti vated 
numerous times, as well as creating suitable avenues for granitic 
intrusion . The Cape Fold Belt orogeny further modified granite 
emplacement, thrusting the granites N-NE. This may be analagous to 
granitoid emplacement along shears in the supposedly collision-related 
Cornubian batholith (Badham, 19t12; Hutchi son, 1983). However th e actual 
evidence for substantial coli isi on (e.g. ophiol ite-suture zones, high 
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Model of the evolution of stable margins created by the divergence of two plates 
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>'-"il~ Stratigraphic and structural profLle through the Cape Fold Belt between 22 and 23°E. 1 = pre-Cape sequences with grani-
toids, 2 = Bokkeveld Group, 3 = Dwyka Group. 4 = Beaufort Group. 5 = lurassic-Cretaceous . 
Figure 3.27: Stratigraphic and structural profile through the Cape Fold 
Belt (Dingle et al., 19B3) 
pressure metamorphic assemblages) is not discernable. One can only 
speculate that the closure of the Saldanian Province occurred when the 
rift-trough was largely filled with a SUbstantial sedimentary pile, 
subsidence of which may have led to granitoid generation at depth, 
although there is no unequivocal metamorphic evidence of sedimentary 
burial (Hartnady et al., 1974). The sediments and granites are likely to 
have been deformed and thrusted back onto the continental foreland along 
the same fracture zones along which initial subsidence occurred, which 
may explain the overall lack of or low grade metamorphism within 
11almesbury Group lithologies. 
Damara Province 
The following discussion is given in some detail, as the Damara Province 
is one of the better studied Proterozoic and perhaps Palaeozoic orogenic 
belts that do not appear to fit the Wilson Cycle model. Resolution of 
the broad dichotomy between concepts of Wilson Cycle orogeny and those of 
ensial ic orogeny, and the fundamental differences between the two are 
central to a fuller understanding of ancient orogenic belts, as well as 
the implications of the various metal deposits present or expected 
present in such belts. 
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The Pan African Damara oro gen has, during the last decade, been the 
subject of multidisciplinary studies aimed at elucidating the geodynamic 
de velopmen t of the well-exposed intracontinental branch of the fold 
belt. ~Iost of the debate on the geodynamic evol ution of the Damara 
Province revol ves around the actual amount of extension or spreading, 
coupled with model s to account for the defonnation, crustal thickening, 
upl ift, metamorphism and granitoid magmatism that are related to the 
compressional tectonic 
subduction processes 
(Ampferer subducti on) 
regime. All the proposed geodynamic models assume 
of some kind, including continental subduction 
and ocean fl oor subducti on (Beni off subducti on). 
The former is represented by an "aul acogen" model (Marti n and Porada, 
1977) and a "delamination" model (Kroner, 1977, 1981, inpress). Models 
within the second category include two models assuming subduction of a 
wide ocean (Barnes and Sawyer, 1980; Kasch, 1979, 1980), one model 
proposing subduction of a narrow ocean arm (Niller, in press) and one 
advocating processes of stri ke-sl ip faulting coupl ed with obl i que 
subduction of small oceanic pull apart basins (Downing and Coward, 1981; 
Coward, in press). Fig. 3.28 illustrates these concepts, although the 
reader is referred in particular to Martin (1983b) for a critical 
discussion, as well as Tankard et al. (1982) for an overview. 
Only salient points of proposed models are given here, followed by an 
overview of some of the constraints recent investigations have elucidated. 
Aulacogen model (Fig. 3.28A). 
The geosynclinal pile was deposited in a broad rift basin (aulocogen) 
with considerable stretching and thinning of the crust. Subsequent 
gravitational instability of the upper mantle causes detachment and 
sinking of the dense lithospheric layers, enabling ascent of an 
asthenolith diapir. Further sinking of the dense slabs causes folding of 
the weakened crust. High heat flow from the growing asthenolithic diapir 
causes high-grade metamorphism, anatexis and granitic plutonism within 
the crus t. 
Recent work has elucidated some points and interpretations that 
apparently weaken the "aulacogen" model (~lartin, 1983b): 
il Th e su pposed glaciogenic mi xtite s (Chuos Fm) have been 
r e interpreted a s mas s-f lows an d vari ous t y pes of gra vity flows . 
Th is ha s e l i mi nated any ar gume nt for a chrono strat ig ra phi c 
cor r elati on of si milar lithofa ci e s unit s of th e lowe r Dama r a 
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A. Aulacogen mode l. Ha r tin and Porada (19 77 ) 
B. Delaminatfon mo del. Kroner (in pr ess) 
C. Closure of a wide ocean. Barnes an d Sawyer (1980) 
D. Opening of a narro .... ' ocea n, I·liller (tn press) 
E. Closure of a wide ocean. Kasch (1979, 1980) 
(Figures from Martin, 1983b) 
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Sequence exposed in the Northern and Central zones with those of 
the Southern Marginal zone. It is possible that the sediments of 
the Nosib Group and th e Rossing, Chuos and Karibib Formations may 
be 01 der than the Kamtsas/Duruchaus and Kudi s successi ons (see 
Hartnady, 1979). 
iil The t·latchless Amphibolite has geochemical characteristics of MORB, 
with the basic volcanic rocks depleted 
and having high l43Nd/144Nd ratios, 
in light rare earth elements 
indicating derivation from 
source regions that had been depleted in LREE's for a considerable 
period of time (Hawkesworth et al., 1981), and that may be 
ana1agous to magmatism at active spreading centres. Problematic to 
an interpretation of the Belt as a suture zone is the remarkable 
similarity of the chemistry and isotope composition of the Kuiseb 
schists on either side of the Hatch1ess Belt, as well as the lack 
of evidence for ophiolitic rocks, volcano-sedimentary melanges, 
sheeted dyke systems, and the extensive 1 ength and very narrow 
nature of the Belt. 
iii) The number and si ze of basement thrus t and nappes is more easi 1y 
explained with ocean floor subduction c.f . ' continental' 
subduction. On the other hand the ocean floor models have problems 
1 ack of reconcil i ng the 1 ack of island arc volcanism, and 
or its plutonic equivalents. andesi ti c volcanism 
the 
The granitic 
rocks of the Central and Northern zones appear to have been derived 
by partial melting from older sialic basement or Damara 
metasediments. 
Delamination model (Fig. 3.28B) 
Kroner (in press) has proposed the above model, assuming that the 
ensia1ic geosynclinal basin which had been formed by crustal stretching 
over a mantle plume, was closed by a process of delamination, followed by 
conti nental subducti on, crustal underthrusti ng, and i nterstack ing. The 
general concept is similar to that of the aulacogen model (above). 
Kroner's model has numerous deficiencies (Martin, 1983b), including 
i) in stage A, the formation of grabens relative to a single mantle 
plume below the central graben. This assumption conflicts with the 
fact that by far the most voluminous and varied igneous activity 
occurred in the northern gr aben; 
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iil in stage B, plutonic intrusions into the southern part of the 
Khomas Trough are shown for which there is no evidence at present . 
Also the great thickness of the Kuiseb formation in the Northern 
and Central zone has not been incorporated; 
iiil in Stage C, there is no indication of the large granitic plutons 
which have intruded the Northen zone, or a reason for the formation 
of these melts. Also no indication is given of the differential 
vertical movements related to the Okahandja Lineament (I'liller, 
1979), or the existence of the numerous sepentinite bodies 
tectonically emplaced into the Southern Zone, which Barnes and 
Sawyer (1980) interpret as evidence for the former existence of 
oceanic crust. 
Subduction of a wide ocean (Fig. 3.28C) 
Subduction-type models were first proposed by hartnady (1974) and Watters 
(1974), and have received further support over recent years (Hartnady, 
.1978, 1979; Blaine, 1977, Sawyer, 1978; Barnes, 1979; Kasch, 1979; 
Barnes and Sawyer, 1980). The general concepti on is conti nental 
convergence facing northwest (Watters, 1974, originally proposed 
convergence to the SE, produc ing the 1300-90Ot·la Rehoboth t'lagmatic Arc), 
with the Kalahari plate being subduction beneath the leading Congo 
pl ate. The Khomas trough is interpreted as .a fore-arc trench, and the 
Central zone granites as equivalent to a magmatic arc. The Matchless 
amphibolite was initially proposed as a suture zone, and comprising an 
obducted sliver of oceanic crust trapped between the converging plates. 
(Note: Rehoboth magmati c ages appear to be more between 1200-1700Ma, 
Fig. 2.21, and the Rb-Sr 1300-900Ma ages may be a metamorphic overprint. 
They certainly are hard to reconcile with Damara ages). 
Features in favour of the subducti on model s, foll owi ng closure of a 
wide-Qcean, inclu de: 
i ) the mi d-ocean ri dge geochemi stry of the ~Ia tchl ess meta-tho 1 ei i tes; 
i i) the exi stence of major thrust sheets and nappes in the southern 
part of the Southern Zone; 
iii) the tectonic emplacement of numerous serpentinite bodies in the 
same area; 
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iv) the P-T conditions revealed by metamorphic grades, which indicate 
high pressure in the southern part of the Southern Zone, whereas 
the Central Zone is characterized by lower pressure and higher 
temperature conditions. As much as a paired metamorphic belt (e.g. 
Miyashiro, 1977) may be invoked, there is no evidence in the Damara 
Province of voluminous ophiolites, a conspicuous feature of such 
belts (Martin, 1983b). 
Problematic at present within the proposed models, are 
i) The occurrence of the Kuiseb Formation in similar facies and great 
thicknesses in the three main structural zones, which conflicts 
with the interpretation of the Khomas Trough as a forearc basin in 
which the Kuiseb Formation was deposited. Interpretati on of the 
Northern zone as a backarc basin may aid this concept, however the 
continuity of the Khan, Karibib and Kuiseb Formations right across 
the Central zone detracts from the presence of an arc in the 
Centra 1 zone. 
ii) The plutonic rocks of the Central zone have been interpreted as a 
calc-alkaline arc. Geochemical characteristics indicate derivation 
from sialic crustal sources, and are not indicative of Andean-type 
magmas. This is further substantiated by the lack of tonalites, 
mafic plutonic rocks (very rare and of small volume), and that 
granites by far dominate over granodiorites (Haack et al., 1983). 
iii) Dating of granitoids indicates a spread of about lOOf.la (even up to 
20mla) of emplacement. Subducti on genera ted granite emplacement 
over that period of time, at present day subduction rates, require 
subduction of several thousand kilometres of oceanic crust. 
Available paleomagnetic data for the Kalahari Congo Provinces 
(McWilliams and Kr6ner, 1981) does not substantiate this. 
Subduction of a narrow ocean arm (Fig. 3.280) 
The main difference from the other proposed subduction model s, in this 
case nliller, in press) is the assumption that in the area of the later 
Khomas Trough initial rifting and crustal thinning led to the formation 
of an ocean of 1 imited width (approximately lO Okm), narrow enough to 
allow sedimentation to keep pace with spreading and to bury the spreading 
ridge (e.g. analogous to the Red Sea). The 1,latchless Hember is 
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interpreted as a 1 ate extrusion of 
sediments which had already covered 
include the comparison of the Central 
erosion from which partly provided the 
ri dge 
the 
zone 
tholeiite through Kuiseb 
ridge. Conjectural points 
to an Andean-type pl ateau, 
Kuiseb beds of the Khomas Trough. 
The inference that these are younger than 1 ithologically similar, and 
across the Okahandja Lineament, contiguous sediments in the Central and 
Northern zones, is not yet fully substantiated (~Iartin, 1983b). The 
great thickness of the Kui seb Formati on in the Northern zone remai ns 
unexpl ained. 
Small ocean basins and strike-slip movements 
Downing and Coward (1981) and Coward (in press) have proposed a model 
accounting for the Damara orogen in terms of three major movement 
phases. Earl iest movement (Hl ) was confined to the northern part of 
the coastal branch, producing the SE verging Sesfontein thrust and nappe 
zone. The second phase (~12) caused only weak SW vergi ng structures in 
this zone, but correlates with the main phase of deformation in the 
Central zone of the intracontinental branch. There the deformation is 
attributed to differential shearing along a sinistral, NW dipping, 
low-angle transform fault. 
Damaran metasediments and 
Large-scale SW vergent sheath folds involving 
pre-Damara basement resulted. Pull apart 
basins, as opposed to a wide ocean, partly floored by oceanic crust, may 
have formed along this fault, acting as traps for thick sediment 
accumulation. 
subducti on of 
shear-heating 
self-heating. 
Damaran 
oceanic 
granites 
materi a 1 
were generated partly 
within the basins, and 
from oblique 
partly from 
at local crusta-l delaminations and/or radioactive 
A third phase (~13) was initiated by a change of the stress field, 
causing the main Damara plate (Congo plate) to over-ride its southern 
foreland in a SE direction, producing several fold and thrust phases in 
both the Damara and Kalahari Provinces. Coward's model has yet to be 
4=',.1'" 
I .... I 'J field observations, in particular the 
interpretation of major structures of the Central Zone as large-scale 
sheath folds produced by pervasive shearing. 
Discussion 
None of the above model s fully expl ains all the features presently known 
about the Oamara Province. The models circle around one essential 
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paradox: the area which exhibits the most spectacular uplift structures, 
the Central zone, also contains the rocks with the lowest pressure 
assemblages (Hawkesworth et al., in press). Possibly the upl ift of the 
Central zone occurred whil e the rocks were still hot, so that prograde 
metamorphism and partial melting at high structural levels reduced the 
pressure. This hypothesis requires a 50-70km thick crust before 560t·1a, 
and implies that the 550-560Ma regional metamorphism was at least partly 
due to crustal thickening (Hawkesworth et al., in press). Subsequent 
uplift caused the Naukluft gravity nappes to move south (the margins 
cooling at around 500Ma), while continued uplift of the deeper hotter 
material in the Central zone resulted in dome-like structures and 
prograde metamorphism until 460Ma. 
HawkesHorth et al. (in press) have summarised some of the key topics 
which when unravelled will aid geodynamic interpretations of the Damara 
Province. These include the striking occurrence of dome-like structures 
formed during the late uplift of the belt. There is a problem in 
assessing what has been eroded and the extent to which the sediments that 
are preserved reflect the large scale processes which led up to, and were 
responsible for the Damara thermal event. Both Nd- and Sr-isotope 
analyses of Nosi b metasediments and U/Pb results on detrital zi rcons 
withi n them suggest probable deri vati on from the underlyi ng basement. 
The fact that 3-4km of "osib metasediments are still present in the 
Central Zone and also that they remain in their likely source terrane is 
possible evidence contrary to large scale overthrusting related to plate 
collision. 
The Matchless Amphibolite belt is cited as evidence for the existence of 
a small ocean and the widespread granites in the Central zone are 
attri buted to Andean-type magmati sm above a northerly di ppi ng 
zone (Kasch, 1979; Barnes and Sawyer, 1980; Hiller, 
subducti on 
in press). 
Intraplate geochemistry, including depleted LREE's infer a mid-ocean 
ridge analogy. However, models have to accommodate the related 
8c:;:;hi "" type eLl-Zn minarulisutioii, the lack of evidence for abducted 
ophiolite, and the similarity in chemistry and isotope composition of the 
enclosing Kuiseb schists on either side of the Matchless belt. 
The few analyses of Damara granites confl ict with the suggestion that 
they were generated above a subducti on zone. Recent cal c-a lkal i ne rocks 
rarely have over 80ppm Ce, whereas both Salem-type and leucocrat ic 
granites from the Damara have 100-300ppm Ce (Hawkesworth et al., 1981) as 
well as f a r higher LREE abundances. Similarly low Nb contents (less than 
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15-20ppm) are usually a distinctive characteristic of subduction zone 
related magmas, however the Salem Suite has an average of 40ppm Nb 
(Miller, 1973) as well as initial 87 Sr /86 Sr ratios in the range 
0.7048-0.7054. High LREE and Nb abundances are typical of more recent, 
incompatible enriched, usually alkaline, magmatic provinces in intraplate 
environments. The initial Sr-isotope ratios are significantly higher 
than Andean-type magmas, collaborating an intracratonic affinity and a 
crustal source for the granites (i.e. S-type ilmenite series). 
Other possible objections to Andean, plate collision, or Himalayan or 
even marginal basin models include the lack of an unambiguous ophiolite 
suite and blueschist metamorphic assemblages although these may have been 
lost to erosi on duri ng 1 ate up1 ift. Pal eomagneti c results tentati ve1y 
suggest little relative movement between the Congo and Kalahari cratons 
since pre-Damara time (McWilliams and KrBner, 1981) . The intra-
continental branch of the Damara is far wider (450km) than many recent 
orogeniC belts formed along plate margins and/or in collision zones. 
There is also no indication of diachronous magmatic provinces 
characteristic of active destructive plate margins (Hawkesworth et a1., 
in press). 
Geochronological investigations have shown that earliest events include 
alkaline magmatism at 800-750t~a, a cluster of granite rocks around 75m1a 
(Kroner, 1981), and that by 650-620~la there was further granitic activity 
and an associated ~11 metamorphism (KrBner, 1981; Downing and Coward, 
1981; Hawkesworth and Marlow, in press). 1>101asse-type sediments were 
deposited before 550-5701',1a, indicating that some up1 ift had a1 ready taken 
place in the centre of the belt. 
The next major event was widespread granitic activity and regional 
metamorphism at 560-550~la. Thi s epi sode post dates the major regi ona1 
F 2 deformaton. t~ost of the grani tes a re Salem-type, outcroppi ng ri ght 
across the Camara granite belt. Metamorphism is reflected in the Rb/Sr 
v:hole r-ock age ",of ~IIQ ..I.. l:&:r,·1:;, v I ..,"T..... . ..., v, ", V; 
Problems arise correlating and assessing the regional significance of 
particular deformation events. Hawkesworth et a1. (in press) in summary 
-suggest that the most significant regional tectonic movements had 
finished by 560-550~la (F 2 ), and that the subsequent thermal, magmatic, 
and even deformati on events in the peri od 550-45Dt;la may be vi ewed as 
consequences of those early movements. 
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The period 550-450Ma is significant in respect of:-
the last magmatic event in the central area is the emplacement of 
late alaskitic granites . Model Nd ages indicate derivation from 
crustal material at least 2. 0Ga old, and some can be se en to have 
been generated by in situ melting of pre-Oamara basement gneisses 
and Nosib metasediments. Partial melting at higher structural 
levels is indicated, especially as earl ier granites are clearly 
intrusive at the present erosion level, substantiated by higher 
87 Sr/86Sr rati os for the younger granites (Hawkesworth and 
Marlow, in press). 
The generation and intrusion of alaskites (510-460f.1a) is intimately 
associated with uplift and the formation of dome-like structures in 
the Central zone (Barnes and Downing, 1979). The Okahandja 
Lineament is important as early relative movements between the 
Central and Southern zones took place along it. The last movements 
are post-dated by the intrusion of the Donkerhoek Granite (520Ma). 
This period appears to mark a transition from uplift along discrete 
1 i nements to regi ona 1 updomi ng, 
ductil ity in response to 
(Hawkesworth et al., in press). 
and importantly may reflect greater 
increased geothermal gradients 
Transport from the north of the Naukluft Nappes is consistent with 
uplift in the central Damara between 530 and 485~la. 
Metamorphic analyses generally refl ect PIT regimes between 
560-450Na. Northern margin rocks are of greenschist facies. 
Regional metamorphism in the south attained around 620·C @ 6-8kb 
(Sawyer, 1980), and locally has been overprinted by a thermal 
effect by intrusion of the Donkerhoek Granite, yielding pressure 
estimates of approximately 4kb. In contrast the Central zone high 
grade metamorphism (650·C @ 3-4kb) has associated partial melting 
to form alaskite (emplaced 510-460~la). The presence of such 
partial melts indicates that prograde metamorphism was taking 
place, and the absence of thermal aureoles indicates that this was 
the la s t thermal event (Hawkesworth et al., in press). 
Hawkesworth et al., (in press) have advanced a qualitative model (Fig. 
3. 2Y) f or th e late stage evoluti on of the Damara Belt. It incorporate s 
feature s di scussed ab ove . 
650-
620 Ma 
550 Ma 
500 Ma 
450 Ma 
7 
Elfl)' ,....tt"'.th ..... 
. nd m,t a tnOtpN,m 
o.OQII\'O" 01 Hama IIH' 
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Model for the late 
stage evolution of 
the Oamara Belt 
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Although isotopic studies have demonstrated the Damara event to have 
resulted in remobilisation of considerable quantities of old pre-existing 
crustal material, the picture is complicated by the enriched intra-plate 
characteristics of many of the igneous rocks (Hawkesworth et al., op. 
cit.), making difficult any assessment of how much new continental crust 
was generated. Furthermore, much of the avail abl e evi dence appears to 
support two potentially conflicting schools of thought (ensialic versus 
ocean floor). The close relationship between the Nosib metasediments and 
underlying basement, the intraplate component in those granites analysed, 
and lack of detectable relative movements between the Kalahari and Congo 
emphasise the intracratonic (or intrapl ate) nature of the 
intracontinental branch. On the other hand variations in both 
metamorphic conditions and Rb-Sr and Ar cooling ages (Hawkesworth et al., 
in press), the development of spectacular dome-like structures in the 
Central Zone, plus partial melting at higher stratigraphic levels point 
to a prolonged peri od of upl ift, presumably as a response to crustal 
thickening, and present day analogies of the latter occ ur along 
destructive plate marg ins or in Himalayan-type col lision zone s . It wou ld 
appear that a closer truth may l ie somewhere between these concepts, 
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probably involving initial development of an aulacogen or a limited ocean 
arm, with limited flat-type subduction processes involved in the 
compressional phases of tectonism. The lack of sedimentary-volcanic 
associations typical of island arc environments, and the considerable 
similarity to the geosynclinal development of the North Sea Basin (see 
Porada, 1983), sUbstantiate this concept 
3.4 Anorogenic settings 
Anorogenic settings, as the term implies, are distinct from those 
discussed above as there is no diastrophic tectonic activity as such 
(i.e. subduction, collision etc.). Only brief mention is made here to 
balance the picture, as significant tin deposits are associated with 
these settings, although the dissertation topic is constrained 
principally to some of those deposits related to orogenic systems. 
Examples cited of Sn/W mineralisation related to anorogenic settings 
include the Nigerian Sn-province, the Rondania province in western 
Brazil, and can also be extended to include large layered complexes and 
associated intrusives such as the Bushveld Complex, South Africa. 
Magmatic activity in anorogenic settings is ascribed to thermal processes 
in the asthenosphere (mantle plumes) giving rise to hotspots, whereas 
intra- and inter-continental rifts and aulacogens are related to 
incipient plate boudaries. ~lantle plumes are these days considered a 
fundamental aspect of 1 ithosphere-asthenosphere interactions that in a 
broad sense comprise pl ate tectonics (Sawkins, 1984). In continental 
settings the manifestation of an underlying hotspot on the upper crust 
depends cri ti ca lly on the rates of re 1 a ti ve moti on between the 
asthenospheric source of the hotspot and the overlying continental 
lithosphere (Burke, 1977). Thus lines of basaltic volcanoes may mark a 
potent hotspot as a continent drifts across it. If the rel ative motions 
of hotspots and overlying continental crust are negligible or small, 
mantle hotspots impinge more substantially on overlying continental areas 
and appear capable of generating not only various igneous rocks, but also 
vast volumes of magma (e.g. Bushveld Complex, Stillwater Complex and 
other layered mafic intrusions). 
by alkaline magmatic activity 
In general hotspots are characteri sed 
with well developed ring-structures. 
Eruptive rocks are predominantly rhyol itic with minor trachyte and in 
some cases basalt; intrusive rocks include carbonatite, per-alkaline 
granites and undersaturated alkaline rocks together with peraluminous 
granites. The initial strontium ratios are highly variable, with basalts 
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and some plutonic rocks showing low ratios indicative of a mantle source, 
while granites mostly have high rat ios attributed to crustal anatexis 
(Hitchell and Garson, 19!11). 
Mineralisation associated with continental hot spots is almost entirely 
associated with alkaline intrusi ves , and l avas fl ows and peraluminous 
granites. Tin mineralisation often has accompanying W, U, and Nb, F and 
base metal sulphides, and may occur in wide variety of environments. For 
instance, tin associated with the acid phase of the Bushveld Complex 
occurs in endogranitic pipes and as primary disseminations (Zaaiplaats) 
or as exograniti c fi ssure vei ns, fault brecci as, or repl acement bodi es 
(Union and Rooiberg 1·lines; Wilson, 1979; Crocker and Callaghan, 1979; 
see 4.3.3). The deposits (including fluorite) are genetically related to 
end member differentiates of the Lebowa Granite Suite (usually 
volatile-rich biotite granites). The granites are considered to have 
resulted from anatexis of basement rocks of the Bushveld Complex. The 
high fluorine content of the rocks is significant, as it is considered to 
have aided fluxing of the magmas, increasing the volatility, and enabling 
the fl ui ds to become enri ched inti n and other elements by scaven gi ng 
processes (Wilson, 1979) . There is a coincidence of late-stage 
tin-bearing granites and fluorine enriched tectonic zones . The long 
lived nature and periodic reactivation of these zones of crustal weakness 
is critical to the emplacement and localisation of the deposits. 
Intersections of such lineaments which are held significant in terms of 
the emplacement of the Bushveld Complex itself (Fig. 3.29; Hunter, 
1976; Stear, 1977; Wilson, 1979). 
Probably the most significant aspect of Sn mineral isation related to 
anorogenic settings is the derivation of economically viable 
concentrations of the metal through anatexis of continental crust, which 
is also a key facet in elucidating and evaluating Sn-W deposits within 
orogenic settings. 
3.5 Discussion 
The outline above of the various tectonic settings incorporates many 
aspects of Phanerozoic plate t ectonics , which ar e in creasing ly being 
applied to Proterozoic mobile belts. In particular th ere is an often 
complex interplay of initial extensional (rift) tectonics, with 
accompany ing 'geosync linal' sedimentation followed by compression , 
~----- -
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(Hunter , 1976) 
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metamorphism and granitism. Of note is the fact that Sn/W mineralisation 
is invariably associated with the late stages of- granitoid emplacement, 
and, as may be the case in Namibia (and Nigeria), may also be 
reconcentrated by later Jurassic-Cretaceous magmatism related to the 
incipient break up of the South American and African continents. 
Anorogeni c setti ngs are characteri sed by alack of deformati on/ 
tectogenesis, although substantial volumes of alkaline magmas are 
generated through anatexis of the continental (cratonic) crust. 
In orogenic setti ngs there are fundamental simil ari ti es and di fferences, 
and each orogeny effectively must be assessed as a distinct entity. The 
Variscan Belt and southern African provinces are initially discussed as 
they do not readi ly fi t into Wil son cycl e models, whereas the ~Ia 1 ay 
Peninsula has been conclusively shown to have evolved through various 
phases of subduction and later collision. A comparison of the evolution 
of the Variscan and Damaran Belts is given in Fig. 3.30. 
The Variscan Belt is of substantial width (lOOOkm in western Europe), and 
is distinct in its lack of basement inliers. The Belt has a bipolar 
structure, with a dorsal zone structural parting (the l~id German 
crystall ine rise) from which the vectors of tectonic and sedimentary 
transport diverge north and south, coupled with an outward migration of 
regional metamorphism, tectonic deformation, and flysch sedimentation. 
Of note is that the migration of the tectonic fronts led to a "recycling" 
of metamorphic and plutonic rocks formed during early Variscan orogeny, 
resulting for instance in gneisses and anatexites with early Devonian 
metamorphic ages now being located at the ~ of nappe complexes, which 
were stacked during the later Devonian and lower Carboniferous (l·lartin 
and Behr, 1983). 
The Vari scan Belt contains cons i derab ly more mafi c and ultrama fi crocks 
than the Damara or Saldanian Belts, and the early rift volcanism in the 
former seems to have been pronouncedly more bimodal and voluminous. This 
greater magmatic activity in the Variscan Belt is regarded as an 
i ndi cati on of greater mantl e acti vity , related to a thi nner crus tin 
comparison to the Damara or Saldanian Provinces. The high mantle heat 
flow also outlasted the Variscan Orogeny, as evidenced by voluminous 
rocks in intermontane molasse troughs, and further substantiated by the 
persistence of a compressional regime after the peak of regional 
metamorphism had passed. In southern Africa heat production may well 
have been due to radioactive heat production in a tectonically thickened 
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Figure 3.30: Generalised diagrammatic comparison 
Variscan Belt with the Damara 
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crustal segment with an above average content of radioactive elements. 
Cratonisation in the Damara and Saldanian Provinces appears complete 
after the intrusion of post-tectonic granites. 
In comparing the Variscan and southern African Belts there are numerous 
general similarities. Geosynclinal development was initiated by rifting 
of continental crust, acc ompanied by the ascent of hot asthenolithic 
mantle material up to the level of the sialic crust. In the Saldania 
Province there is a likelihood of slower, prolonged extensionism, and 
tt-.; ron; (og 0 f the crust was probab ly i sostati Cd lly compensated by 
concomittant sedimentation. In the Variscan and Damara Belts rifting was 
folloVied by a subsidence stage that lasted 100 to 200Ma. Both regions 
are characterised by zones of high T/low-medium P metamorphism, and it is 
conjectural as to whether thi sis due to "ri ft metamorphi sm" or, in the 
case of the Variscan, fr om late Caledonian orogeny to the north. In the 
Damara the lowes t pressure zone (Central zone) may be due to uplift while 
rocks were still semi-molten. 
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The Variscan, Damaran and Saldanian Belts apparently contain no 
ophiolites that could be regarded as obducted slices of oceanic crust, as 
well as volcano-sedimentary melanges, or plutonic suites which may 
indicate an island arc or Andean continental margin environment. Both 
the Variscan and Damara Belts, however, contain a zone in which 
metatholeiites, characterised by MORB geochemistry, indicate a high 
mantle temperature underneath a very thin crust. This feature may be the 
result of either considerable ensiali c stretching, or incipient oceanic 
spreadi ng. There is good evi dence for compress i ona 1 tectoni sm (hi gh 
pressure metamorphic rocks in the V.B.), trench deposits, and large scale 
thrusti ng, and allochthonous nappe emplacement. Large scale subducti on 
is not envisaged, but features such as major facies gaps in the Variscan 
Belt (adjacent to the t1GCR) indicate tel escopi ng and/or subducti on of 
probably at least 100 to 200km (Martin and Behr, 1983). In the Damara 
Belt telescoping in the southern part of the Khomas Trough and the 
southern thrust belt may have attained a similar magnitude. There is no 
evi dence to hand concerning the poorly exposed and studi ed Sal dani an 
Province. 
The Variscan Belt, therefore, is characterised by broad polycyclic 
orogeny, which is 1 ikely to have been dictated by intermittent mantle 
convection, or the expansion of a convection cell, possibly related to 
bipolar subduction (after Lorenz and Nicholls, 1984). On the other hand 
the Damara Belt has developed along a far narrower zone (400km wide vs. 
V.B. 1000km), probably guided by parallel Irumide (1300~ta) structures, 
with the development of an ocean arm propagating into the continent from 
a trilete junction which was eventually fundamental to South America-
Africa continental divergence. 
The Saldanian Province appears to have formed in similar fashion 
(tectonically and temporally) to the Damara Province, although this is 
largely speculative as only part of the rift margin is preserved. 
Of pertinence to this dissertation is that termination of all the -
orogenies (including the ~Ialay Peninsula, see below) is equated within 
the intrusion of post-tectonic granites. In comparing the Variscan and 
Damara Belts, ~tartin and Behr (op. cit.) note that the late syn- to 
post-tectonic granitiC melts are largely generated by anatexis of sialic 
crustral rocks, and were emplaced over a time span of about 10m·ta. The 
granitoids show no spatial arrangement in terms of their chemical 
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characteristics. Their emplacement was preceded by the initiation of the 
main compressional phase, which in turn was preceded by a very long 
geosynclinal (rift-trough) development believed to be associated with 
concomittant pronounced crustal thinning . Initial rifting of continental 
crust in both Belts is manifested by bimodal anorogenic volcanic and 
pl utoni crocks. 
The Malay Peninsula has more definitive evolutionary traits, which 
Mitchell and Garson (1981) and Hutchison (1977, 1983) have adequately 
equated with sUbduction and collision settings. Hutchison (1977) 
del ineates a paired orogenic bathol ith belt. The Eastern Belt granites 
are equated with subduction to the west, whilst the ~Iain Range granites 
are considered to be related to continental collision in the Late 
Triassic. The Bentong-Raub ophiolite is interpreted as the remnant 
suture zone. The setting, including the collision origin of the 
granites, is analagous to the Himalayas. 
The major geological events accompanying collision and of relevance here 
are underthrusting of the continental foreland on the subducting plate 
beneath the over-riding plate, and development of new intracontinental 
thrusts or continental subduction zones, usually within the foreland of 
the underthrusting plate. This is accompanied by tectonic thickening of 
crust, regional metamorphism and emplacement of granitic rocks related to 
shear heating along thrusts (I·litchell, 1977). In the r,lalay Peninsula 
there is a conspicuous absence of associated major metamorphic nappes and 
of inclined granitic sheets. However it is feasible that continued 
uplift of the Main Range Belt, which has unroofed the granite plutons, 
may have eroded much of this evidence, and that what is exposed at 
present is a fairly deep section of the overriding foreland. 
When one assesses the occurrence of Sn/W mineral isation in the various 
tectonic settings outl ined above, one important parameter is common. 
Granite generation, by various processes, is always related to tectonism 
where there has been significant crustal thickening and general anatexis 
of continental crust. Geothermal gradients in all settings are variable, 
but commonly enhanced, be it from asthenospheric diapirism beneath 
incipient rifting, mel ting of subducted oceanic crust, or fusion during 
continental collision. Associated mineral isation appears to always be 
locate d in regions where there has been repeated reworking of crustal 
lithosphere by magma tic processes. 
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In the Variscan Belt Derre (1982) invokes geochemical anisotropies in 
rocks older than the poorly differentiated subautochthonous Late Devonian 
granites which apparently were 
Cambrian Sn-W mineralisation 
already anomalous in Sn. 
has been concentrated 
Si nce the early 
through repeated 
fractional crystallisation and remelting, and appear to have effectively 
reconcentrated Sn to a sl ightly greater degree than W. Aspects of the 
sources of Sn have been touched on in Section 2.0, (although out of scope 
of this dissertation) and the reader is referred to Hosking (1979) and 
Hutch i son and Chakraborty (1979) for extended di scuss i on. The present 
writer follows the latter preferred case, where the continental crust is 
advocated as an immediate source of tin, and that the element is 
progressively concentrated by polycyclic events, including variable 
magmatic and melting processes (see 2.0). This one factor can 
speculatively be assigned as a common denominator to the tectonic and 
mineralised settings discussed in the following section. 
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4.0 Sn-W MINERALISED ENVIRONMENTS 
Tin and tungsten mineralisation occurring in the geotectonic environments 
discussed (above) are reviewed, with comment on some of the more 
important provinces and/or deposits. 
4 . 1 Variscan granitoids, Western Europe 
Important tin and tungsten deposits are associated with Variscan granites 
in southwest England, the Erzegebirge-Krusne Hory area, Germany and 
Czechoslovakia, and the western Iberian Peninsula (Figs. 4.1, 4.2, 
Stemprok, 1981; Derre, 1982). The mineralisation is clos e ly tied to the 
youngest of two groups of granitic intrusives (260-30Qt·la), which are 
predominantly alumina-rich alaskites and lithium albite granites 
(Sawkins, 1984) . 
The spatial distribution of Sn-W deposits emphasises an alternating w-
and Sn-rich banded pattern (Fig. 4.2, Derre, 1982). These zones have a 
fairly constant trend (WNW-ESE in the French Massif Central, E-W in NW 
Iberia) and are generally independent of the Variscan orogenic domains. 
Derri (op . cit.) explains the distribution in terms of geochemical 
anisotropies in poorly differentiated pre-Late Devonian granites, already 
enriched in Sn. Repeated fractional crystallisation and remelting since 
Cambrian times has reconcentrated the Sn and W. Two differentiated 
granite suites have attendant Sn-W mineralisation 
i) Namurian-Westphalian (Lower to Middle Carboniferous) in the French 
Massif Central 
ii) Westphalian-Autunian (t-tiddle Carboniferous-Permian) in the NW 
Iberian Peninsula 
The Namurian granites and mineralisation have been emplaced along WNW-ESE 
structures, whereas 1 ater stage more di fferenti ated mineral i sed cupol as 
in the roof zones of the grani tes follow NNW-SSE and NNE-SSW trends 
(Derre, 1982). Fig. 4.3 summarises the different metallogenic and 
structural alignment of granitoids, whilst Fig. 4.4 illustrates a N-S 
section of the Massif Central and the intrusion of the two mineralising 
phases envisaged by Derre (op. cit.). 
The types and characteri stics of the major European Sn-W deposits are 
shown in Table 9. The most important deposits are spatially associated 
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Figure 4.1: Pre-~lesozoic and Variscan (Hercynian) granitoids in western 
and central Europe (in black) and the distribution of Sn-W 
provinces (Stemprok, 1981; Sawkins, 1984) 
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Figure 4. 2 : Alternating banded distribution of Sn and II mineralisation 
oblique to Var i scan orogenic structures (De r re, 1982) 
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with intrusive contacts, occurring as stockworks, vein complexes, or 
single veins, characterised by tourmalinisation and greisen-type 
alteration (Stemprok, 1981) . Skarn-type deposits are formed locally 
where limestones occur adjacent to igneous contacts. I n these and 
greisen deposits scheelite is the primary tungsten mineral. Vein 
deposits generally contain cassiterite, . wolframite, and variable amounts 
of sulphides, including arsenopyrite, pyrite, pyrrhotite, sphalerite, 
galena, chalcopyrite, bismuthinite and stannite. A broad metal zonation 
in both a vertical and lateral sense is sometimes discernable - with a 
central concentration of Sn-W, and peripheral base metals. 
Table 9: Types and principal characteristics of Sn-W deposits 
associated with Variscan granitoids in western Europe 
(adapted from Derre, 1982) (N.B. Translated from French) 
TYPE PRINCIPLE CHARACTERISTICS 
1. VEIN PORTUGAL: 
wolframite Panasguira, principle producer of Portugal 
36000t concentrates 1934-1975. Precambrian 
to Early Cambrian greywacke-schists. Non 
outcropping greisenised - leucogranite 
cupola. 
Boralha, 2nd largest producer of Portugal, 
, 2000t W03 
Veins bordering polyphase granitic complex 
Vale das Gatas 670t conc. 1959-1970. 
Several veins (57-63) within older 
granite cross-cut by younger granite 
SPAIN: Barruecopardo 
veins with scheelite in two-mica leuco-
grani te 
FRANCE: Enguiales-Leucamp, l500-l700t 
W03 produced 
Veins in schists near to porphyritic 
monzogranite 
Montredon - Labessonnle, Reserves IO,500t 
W03 
Veins in micaschist and orthogneiss 
Phy-les-Vignes, 5,400t W03 produced 
1905-1956 
2. VEIN PORTUGAL: 
Cassiterite ~lontesi nho: 1 argest producer 1 ,825t conc. 
1959-1970 
Argozelo-Ribeira: 2nd producer, 2,268t 
casso conc. and 1,121 t wol fram 
conc. 1959-1970 
AGE 
Autonian 
Autonian 
Autonian 
r'iiddle 
Stephanian 
Late 
Namurian 
Late 
Westphalian 
Late 
Namurian 
Late 
Westphalian 
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Table 9 continued 
TYPE 
3. TACTITES 
schee1ite 
PRINCIPLE CHARACTERISTICS 
SPAIN : 
Penouta, possible reserves 2000t Sn in 
veins, 1500t Sn in alluvials. Vein stock-
work, alluvial and eluvial deposits 
San Finx, 2000t Sn produced Sn/W ratio 
between 85/15 and 40/60 
FRANCE: 
Sa1an (Pyrenees), largest producer in 
France over 15000t W03 combined 
production and reserves 
4. ALBITISED FRANCE: 
GRANITE Echassieres, Reserves 7,200-9000t Sn 
CUPOLAS 48,OOOt Li. plus veins with wol framite 
Disseminated (6000t W03 produced) 
cassiterite 
and veins 
with wol-
framite 
5. PEGMATITE 
Cassi teri te 
SPAIN: 
Santa Comba, W/Sn ratio 10/7 4000t W03 
1500t Sn produced? 
Fontao W/Sn ratio 3/2, 3,600t W03 
1200t Sn produced? 
PORTUGAL: 
Amarante l467t conc. produced 
Lagares l50t conc. produced 
4.1.1 Panasgueira Sn-W deposits, Northern Portugal 
AGE 
Late 
Westphalian 
Late 
Westphalian 
Autunian 
The Panasqueira district is discussed here as it is the largest producer 
of tungsten in western Europe, (around 1250t wolframite, 62t cassiterite 
per annum) and has been thoroughly studi ed in terms of its geology, 
mineralogy and fluid inclusions by Kelly and Rye (1979). 
The Panasqueira veins overlie a hidden cupola of strongly altered and 
greisenised granite, apparently intruded approximately 290Ma ago (Fig. 
4.5). The host Ordovician Beria schists of greenschist facies, exhibit a 
broad spotted hornfe1 s contact metamorphi c aureo1 e, i ndi cati ve of more 
extensive intrusi on at depth. The area is a1 so intruded by post-granite 
dolerite and aplite dykes. 
- 100 -
PANASQUE~I~R6A __________ --- B 
II Gra~i!e Cupola 
" 
''''' ~ 
!--I'&:;;"'-- ~i . ',fi:: Spolted Schist 
~==~.~ii~ s ____ I~IR=5~~'~~~~~:~~.~~~~;~O~"~·~.'2~={=~=Ci=~=~="~=0:=~~~L;:7£~~·V~·£:~~L;'~'2/;  
-" .. ' ~:D~ .. : .. ;D·&' ~. (]!:- a· .. ;.··· 
:is:-;;y,J'" a 50 m.· 'AbU'Xd:nnO'I;'hS 
Figure 4.5A: Location of Panasqueira, north Portuga~, in relation to the 
Variscan granites 
B: The W-Sn flat-lying Variscan vein system, the granite cupola 
and sil ica cap (Kelly and Rye, 1979) 
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The vein system at Panasqueira is unusual in tha t it is nearly 
horizontal, with the ferberite-quartz veins filling openings created by 
vertical dilation of pre-ore j oints, post -dating me tamorphi sm, and 
thought to have formed by the reduct ion of overburden pressure (Kelly and 
Rye, 1979). A highly silicified cap occurs at the roof of the cupola, 
but its mineral content is subeconomic. Economic veins are laterally 
extensive but restricted to a narrow vertical zone (100-3 00m) in the 
schists above the cupola (Fig. 4.5). 
Kelly and Rye (op. cit.) also conducted fluid inclusion su1phur- and 
oxygen-isotope studies. The vein fluids were NaC1 brines (5-10% equiv. 
Wt% NaCl) with deposition within the range 360-230·C . Vein deposition 
duri ng the 1 ate carbonate stage was at lower temperatures (1 ess than 
120·C), and salinities (less than 5 equiv. "U NaC1). The isotope 
studi es i ndi ca ted the fl u i ds were predomi nantly composed of meteori c 
water in the carbonate veins, but the higher temperature Sn-W deposition 
was re1 ated to deeper-seated magmati c water. The ore mi neral 
depositional phases indicate mixing of magmatic and meteoric waters as 
the system cooled beyond the sulphide stage (Fig. 4.6). 
4.1.2 Erzgebirge, Czechoslovakia and German Democratic Republic 
The Erzgebirge tin province (Fig. 4.1) is discussed briefly as it 
constitutes one fo the classic greisen-type areas of Sn-W mineralisation 
in the world. The general environment includes a long lived mobile belt 
consi sti ng of Proterozoic to Lower Ordovi ci an metasediments and Lower 
Carboniferous (360-31 OMa) grani toi ds . The metasediments (progressi ve ly 
metamorphosed to the NE from greenschist to granulite facies) consist of 
phyllites, metagreywackes, metaconglomerates, metaquartzite s , carbonate 
rocks, schi sts, 
(Baumann, 1 970) . 
15-20 compl exes 
gneisses etc within an NE anticlinorium plunging Sw 
The granitoids batholiths were intruded as a series of 
within a ENE trending zone 30 x 100km, within which 
younger phases are elongate NW. The thi ckness of metasedi mentary roof 
pendants varies, so that in the NE apical stocks are exposed, whilst in 
the SW larger granitic complexes are present (Baumann e t al., 1974). 
Older and younger granitoid phase are distinguished, both composed 
predominantly of monzogranites (Taylor, 1979). 
r~ineralisation is spatiall y related to 20-30 discrete centres, mostl y 
located wi t hin a NE trending zone 15 x 150km. It is manifest as Sn, W 
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':Ho, Bi, As, Fe, with minor Cu, Pb, In, Ag and located mainly on NE 
striking lineaments. The economic minerali s at ion is associated with the 
younger granite complexes, which are also geochemically spe c ialised in 
elements such as F, Sn, Rb , Li (Baumann et al., 1974). 
The principal types of mineralisation are: 
;) ~1assive greisens associated with quartz veins (classic greisen), 
major economic concentrations of Sn, W, ,:'·10, As, Fe, Cu, Bi, In . 
ii) Skarn assemblages associated with granitoids - minor Fe, Sn, W, In 
mineralisat i on . 
iii) Sulphide rich veins related to i) above, of minor economic 
importance containing Fe, Sn, Cu, Pb, In, Ag . 
iv) Stratabound massive sulphide are and impregnations associated with 
rhyolite! schists gneisses and carbonates (Baumann et al., 1974). 
A vertical zonation of minerals is suggested for the vein 
Topaz-mica (endogreisen) is succeeded by tourmalinisation, 
sulphide assemblages and sulphides (exogreisens). 
4 . 1.3 Cornubian tin field, south-wes t England 
systems. 
chlorite-
Comprehensive reviews of the mineral deposits of the Cornubian tinfield 
are afforded by Hosking (1970), Dunham et al. (1978), and Jackson (1979), 
whilst Exley et al. (1983) and Floyd et al. (1983) have synthesised the 
Variscan magmatism and atten dant mineralisation. 
11ineralisation is spatially related to the roof and border zones of a 
series of high level, post-tectonic granite plutons, which together form 
the Cornubian Batholith (Fig. 4.7). Six major and several minor masses 
of granite are discernable, and, together with their associated dykes and 
sheets, were emplaced partly passively, by cauldron subsidence and block 
stoping, and partly forcefully, into a deformed Devoni an-Carboniferous 
volcano-sedimentary sequence (Jackson, 1979) . The plutons are composite 
in nature, with roughly arcular or ellipsoid shape, and invariably have 
sharp and di scordant c ontacts with the surroun di ng rocks. Empl acement 
age s are spread between 303-26 5l-1a (K-Ar). with a Rb/Sr is och ron of 285 
O,;::~·,·-
~ ~:~.=;.";j ,- '. 
~ ~~'.::'" 
/ .... ,_. 
/"--" 
r"'''' /'"' .... 
Figure 4.7: 
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Distribution of ores and veins in SW England (Dunham et 
al., 1978) 
!.12Ma (Exley et al., 19(3). The "best" age of granite emplacement 
appears around 295Ma, followed by pegmatites (285Ma), greisen veins 
between 285-280Ma, granite porphyry dykes at 275-1701'la foll owed by 
mainstage mineralisation at !.270Ma (Halliday, 1980). 
Petrography and geochemistry 
The temporal relationship between the plutons has been elucidated by 
field and petrographic studies. Exley et al. (1983) distinguish six 
pri nci pa 1 types (A-oldest to E -youngest) on the basi s of petrography 
(Table 10). Type B plutons are the predominant granite-type exposed. 
The granites were further grouped by cluster analysis on a geochemical 
basis (Table 11) into three district series: 
i) coarse- and fine-grained biotite granites, including the 
megacrystic Li-mica granite of St. Austell (Fig . 4.7, i.e. types B, 
C, and D, Tables 10,11); 
iil equigranular Li-mica and fluorite granites (E and F plus Li-mica 
leucogranite and Carnmenellis aplites); 
iii) granite porphyry ('elvan') dykes (Exley et al., op. cit.), 
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Table 10; Petrographic surrmary of main granite types (Exley et al .• 1983) 
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Table 11 Average analyses of 
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Analysis of Table 11 indicates the Cornubian rocks are enriched in 
several elements compared to others and th e worl d "avera ge" granite. For 
example Li, Rb, F are often in the % range, and ar e con ce ntra ted wi t hi n 
micas, especially in 0-, and E-type granites. High trace alkali values 
include Cs, Li, Rb. Low K/Rb, coupled with high Ba/Sr and Rb /Ba (o ve r 5 ) 
are an indication of extreme differentiation of some of these granites. 
Zr and TiO Z show good linear relationships with concomitant dec reas e in 
both from B to E to leucogranites and apl ites, and the Zr/TiOz ratio 
further attests to the di fferenti ated nature of the grani tes (see El 
Bouseily and Sokkary, 1975 for a discussion on Rb, Ba, and Sr in granitic 
rocks) . 
Ore-forming metals such as Sn (Li-mica granites) and Pb, Zn (biotite 
granites) show an overall enrichment relative to world granites. 
Unfortunately there is a lack of W analyses . Both boron (B) and fluorine 
(F) show hi gh concentrati ons, correspondi ng to the presence of 
tourmaline, (and other boric silicates) and fluorite, whilst enrichment 
in Cl is found in inclusions (Exley et a1., 1983). 
Mineralisation and post-magmatic alteration 
A wide variety of Sn- and Ii-bearing deposits occur at Cornwall. Hosking 
(1970) classified them into pegmati tes, pyrometasomatic deposits, greisen-
bordered vei n swarms, stockwork deposits, fi ssure vei ns of Corni sh-type 
lodes, and pipe and carbona deposits. Figure 4.8 illustrates a 
di agrammati c representati on of the primary deposits, the vari ous ore 
depositional environments, and the distribution and relative chronology 
of the mainstage mineral isation. Table 12 summarises the main features 
of the deposit types. 
The fluids and solutions involved in the evolution of the batholithic and 
associ ated rocks resulted ina conti nual sequence of wi despread 
alteration and mineralisation, and there has been much overlap and 
rp.petition of late- and post-magmatic processes. 
Primary alterati on processes can be di fferenti ated (as pre-j oi nt 
development) from secondary (post-joint development). The former are 
characterised by tourmalinisation and greisenisation. Tourmaline is 
present in different rocks, effectively reflecting magmat i c change s 
relate d t o fracti onation, producing the sequence granite-pegmatite-aplite-
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Table 12: Salient features of Cornish Sn/W ore deposits 
CLASSIFICATION 
Pyrometasomati c 
Pegmatites 
Greisen-bordered 
Vein swarms 
Stockworks 
Fissure veins 
Pipe and 
carbona deposits 
CHARACTERISTICS 
Few, relative l y unimportant. Skarn type min po-aspy-
sp-py-cpy within garnet-diopside-actinolite-
wollastonite-axinite skarn. Local occurrences of Sn 
as ma l ayaite (Ca Sn Si05 ) 
Insignificant, scattered small lenses close to 
granite contacts. Local wolframite, aspy. 
Host subparallel quartz veinlets in granite, walls of 
greisen or narrow selvages of chlorite rosettes, 
tourma 1 i ne needl es, feldspar and fl uorite. Usually 
have central vein, ores cas sit, wolf, aspy, cpy, cc, 
stannite (Cu2Fe SnS4). Greisen wall s may 
contain f.g. cassit. and sulphides. Vein swarms dip 
steeply, usually pinch out in granite. Grades 0.15-
0.40% Sn. 
Networks of narrow mineral ised structures occurring 
withi n any country rock-type. Some 
major hydrothermal veins, or el se 
assoc. wi th 
preferenti ally 
cassiterite, along set of joints. Veins contain 
wolframite and arsenopyrite. 
Primary source of ore. Tabular, generally less than 
2m wi de, strike 1 engths up to ::5km, dip extent to 
+lkm. Fill congugate fracture pattern in the 
country rocks. No cons i stent re 1 ati onshi p between 
granite-shape and vein trend, no radial pattern 
around a pluton. Cross veins, :: perpendicular to 
lodes, usually barren. Polyphase deposition 
i ndi cated by banded structures, internal brecci ati on 
and recementation. Hain ore minerals chalcopyrite, 
cassiterite, arsenopyrlte. 
Uncommon, usua lly sma 11 , endograniti c and in 
association with fissure veins. Pipes are vertical 
cylindrical, ::130mhigh and 4m wide, have core lcm 
wide vein quartz and clay surrounded by altered 
granite with cassiterite, :: sulphides and fluorite. 
Carbonas similar, but have irregular shape and 
attitude and contain tourmaline 
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quartz-schorlite rock. Primary greisenisation is widespread in younger 
varieties of granites, but proceeded only as far as the replacement of 
perthite by 2' mica and quartz . 
Secondary processes are largely confined to joint systems. A second 
stage of greisenisation, marked by greisen flanked veins, is found in all 
granites. The joints are commonly occupied by veins containing a gangue 
of quartz, tourmaline, chlorite + oxide or sulphide ore minerals. 
Greisenised borders are only a few centimetres wide, marked by a general 
enrichment in minerals such as muscovite, tourmaline, fluorite, and 
topaz. Grei seni sati on, essenti ally the breakdown of fel dspar to 
secondary mica, occurs at 3S0-4S0'C (Grim, 1968; Shcherba, 1970) . 
Secondary tounnal ini sati on succeeds secondary grei seni sati on in the same 
joint system. 
These steeply di ppi ng j oi nt systems and faults were also the 1 oca 1 e of 
ore mineral deposition (stockwork and lode-types, Table 12). A very 
complex and variable chronology exists, with several generations of vein 
mineral deposition, and, in addition to replacements, there are reversals 
in trend (Exley et al., 1983). The general paragenesis is as follows 
(Table l3) ; the ~arliest minerals are found commonly as replacements in 
the greisen flanked veins, including cassiterite, wolframite, 
arsenopyrite and molybdenite, indicating greater enrichment of the fluids 
in Sn, W. As, Fe, Mo and S compared to those responsible for the greisens 
themselves. Stages of mineralisat-ion are recognisable- at 400-S00'C, with 
fluids of moderate salinity (20-24 equiv. wt% NaCl); and 280-400'C, 
fluids of variable salinity (8-14 to 24-40 equiv. wU NaCl) (Jackson et 
al., 1982). Hypo-, meso- and epithennal zones of mineralisation (and 
alteration) are recognised (see Table 13; Jackson, 1979, et al., 1982). 
The overall ore distribution is complex, and concepts based on concentric 
zones (e.g. W/Sn core, Pb/Zn outer) determined by T-P conditions, 
arranged around "emanati ve" centres provi ded by granite cupolas is 
probably an oversimplification. A broad pattern can be discerned on a 
regional bo.sis (Fig . 4.9). The three mineralising processes outlined in 
Tabl e 13 were superimposed by kaol i ni sati on, conjecturally a combi nati on 
of deep weathering and hydrothennal alteration (i.e . acidic conditions at 
less than 3S0'C) (Jackson, 1979; Exley et al., 1983). 
Table 13: 
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Figure 4.9: ~\ap of the mineralised centres of SW England showing broad 
zona 1 relationships of tin, copper, and lead mineralisation. 
There is a clear indication of a spatial association of 
mineralisation with the roof zones of the Variscan granites 
(l1oore, 1982 ) 
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4.3 ~lalay Peninsula 
The ~lalay Peninsula is part of the large "tin girdle" of SE Asia, which 
fonns an arc some 3400km long and up to 800km wi de. The regi on accounts 
for about 45% of world Sn production, and including China about 30%W. 
t~alaysia is primarily a Sn producer (1980 : 61,400t, 25% World), and 
although W is spatially related, deposits tend to be subeconomic. Halay 
Sn production is predominantly (95%) from placer deposits (Table 14). 
with the remainder from primary hard rock deposits, of interest here. 
There is only 
Table 14 : ~1alaysian Sn production (typical grades and tonnages) 
mt Cone( t) 
Dredging 28,6 1500 
Hydraulicking 1 ,0 220 
Opencast 5,0 27000 
Underground 0.16 2000 
one significant hard rock mine (Pahang 
Trengannu field, Eastern ~lalaysia). 
Valley, Kuala Lumpur) are located 
Sn recovered Grade recovered 
(t) 
1125 39ppm 
160 151 ppm 
17300 +0.35% 
1500 +1% 
Consolidated Mine in the Pahang-
The two other tinfields (Kinta 
in the western region of the 
Peninsula. Figures 4 . 10, 4 . 11 indicate the location of the major 
tinfields, tin and tungsten deposits. 
4.2 . 1 Features of Sn-W mineralisation 
A wide variety of primary deposits are known within the major tin-fields, 
but with few exceptions production has been insignificant (Figs. · 4.10, 
4.11, Table 14). Of importance are the different styles of 
mineralisation and metal 
Sn-belt granitoids (Table 
of tin mineralisation and 
etai.,i979). 
associations in the Main Range and Eastern 
15), as well as a clear cut spatial association 
ilmenite-series granitoids (Fig. 4.12, Ishihara 
The main source of detrital cas s iteri te in the Na in Range Sn-be 1 t comes 
from greisenised vein swanns in the outer zones of granite plutons. ~lost 
of these primary deposits (e.g. in the Kinta Valley) are thin stringers 
of cassiterite and cassiterite-quartz transgressing the granite, or small 
lodes of quartz-cassiterite, pyrite and arsenopyrite near the granite/ 
Table 15A: 
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A comparison 
Eastern Belts, 
tin mineralisation of 
Peninsula (Hosking, 
of 
Nalay 
the 
1977 ) 
Hain 
WEST BELT 
So rc:gmatitc:s and aplicQ OCC\lr. Nb(ra 
SpcciCl mil)' aho be p~nt. 
Sn ~bms with cass iterite and/or m",layailc, 
a.nd/or Sn-andrld ito not uncommon. 
Concoct. strat abound, pipe-like and 
\OC to-like sums known. 
Man)' rich and poor stannirerous vc;ins, I~ 
and replacements. that occur sin,ly or in 
sy,-anns, and that have a \"c:ry modct.t dip 
length, an:: known. Commonly as.s.ociatcd 
with granite cusps. 
No 50 lodes or veins with consic!.crable dip 
koglh known. but some hydrothermal pipes 
in the marble may have considerable dip 
lengths. 
Sn ~et1othennal veins and pipes are nol 
uncommon, particularly in the PeTak and 
&Iacgor fields of Ma laYSia. 
CassiteritC:$ that display red 10 pale colour 
p!cocGroism are common. 
No wood tin recorded. 
Stannite not unCOmmon. 
Sb and Be species recorded from a Dumber of 
Sn deposits. 
EAST BELT 
No Sn pcgmatite:s known. 
SniFf: s\r;:llrns present. Malayait t ab~nt. 
Ma:s...,jvc contact and stratabound So $kam .~ 
only reCOrded. 
Sn veins and lodes, singly or in swarms. with 
limited. dip length. distributed rather sparsdy 
in thc Belt. 
So lodes, with considerable strike and dip 
extensions, and of major importance:, occur 
at Pahang Consolidated Mine, and perhaps 
elsewhere in N.E. Malaya. Sn deposits. of 
similar dimensions, also 0CXlU" at Kdapa 
Kampit. but these, in part. may be .stratabound 
ones. 
Only one So xenothennal deposit J..-nown and 
that is the Manson Lode. in KeJantan. 
Malaysia. 
C3.ssiterites genenlly display dark-brown to 
pale-brown pleochroism, or are non.pleochroic. 
Wood tin recorded from 2 localit ies. 
Stannite only recorded from the Manson Lode 
and from KeJapa Kampit mine. 
No Sb spedcs recorded from Sn deposits. 
Phena.ldte recorded from Kcbpa Kampil mine. 
Range and 
B) Comparison 
(Hutch i son, of grani toi d chemi stry and 1979; Ishihara et al., 1979) tin mineralisation 
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country rock contact (Hosking, 1970, 1975; Hutchison, 1983). Other 
areas have mineral ised veining hosted by schistose rocks, Sn/W skarns 
that developed within calcareous host sediments, and isolated Sn/W 
breccia pipes (hydrothennal breccia pipes with mineralised matrix) and 
carbonas (irregular replacement ore bodies) . Hinor pegmatites hosting 
cassiterite and columbite also occur in the Kedah field (see Fig. 4 . 10). 
The Eastern belt hosts quartz vein and skarn-related Sn mineralisation, 
but notable .!!£ pegmatites . Generally mineral occurrences are associated 
with well developed andalusite-cordierite bearing thermal aureoles . At 
the Pahang Consolidated Mine Carboniferous marine sediments are intruded 
by Permi an granites. Re 1 a ted sheeted vei n systems 1 oca 1 i sed along fault 
planes host cassiterite and sulphides, but although these veins and 
faults extend down to the host granite, mineralisation ceases around 350m 
from the granite. There is a clear distinction between this style and 
that of the Main Range, where lodes occur within the contact zone of the 
granite cupolas (i.e. largely endogranitic). Skarns are also developed 
where these granites intrude calcareous sediments, and are marked by 
iron-ore bodies with disseminated cassiterite close to the granite 
intrusion. I ron is consi dered to have either been deri ved from the 
sediments or from an intennediate composition (dioritic) magnetite-series 
granitoid. Tin is envisaged to have been emplaced in association with a 
later ilmenite-series granitoid, which also generated sufficient heat to 
sustain a hydrothermal system (Hutchison, 1983). 
In the r'lalay Peninsula W is generally subordinate to Sn, and although the 
association is widespread, the closeness on a local scale varies widely. 
Tin, as cassiterite, is principally found in greisenised cupolas of 
granites and associated vein swarms extending about 100m down dip, as 
well as in skarn deposits. Tungsten appears to exist mainly as scheelite 
in contact metasomatic environments. Hosking (1973, 1975) has generally 
categorised the SE Asian tin deposits (Fig. 4.13), as well as, in more 
detail, those of the Main Range (Fig. 4.14). However considerable 
no+;dlcri <,,+ur1;ae " ,..of tho OTten nonrlll ovnOc::ori ri0pn<l'ts are sti.ll r. ~aUl'rprl 
.............. , ......... ..> ... "", ....... V' ......... . ......... t' .... OJ .... "t' ....... - ......... ....... - , --
to elucidate their nature and possible economic potential. 
4.3 Southern Africa 
South Africa does not rate as a major tin or tungsten producer on a 
global scale, although it caters for most of its local tin requirements. 
114 -
THE MAJOR TYPES OF TIN DEPOSIT OCCURRING IN SOUTH- E ... ST .0.51'" 
rlil l l.l,l..".:r 
O(POs:T S 
L·...!..2..I/.!ll!....,!gt..:. i!..=JJill' 
\OO(I ' Y",,' hD 1 .. ~.l.~l.'!!.J 
~ .. o, \,I .. cO .... O"" tI ..... t .... ,"t It! \001' 
"'I""'" " ...... 1'\.' H>'\. C(W{ . ' '" .. _" .. 
, .. rou .. OtD u.[ ........ ,r 1 
~o .. ' t )ft , .. "" 4 . " oo,,·QI 
0' 100 Dltft T rtatfl>Wlt 
::~~:;:: ~c,~~:,rP-~ 
.~.tt. tAUITt.lIl. 
~'~l 
"01 y"co_g'!! 
1'1 ~Wf,ft{.Od';~J 
h_~"O~U)IT(. 
"'\~Ur1( 
~:J 
t"(.'l("'UI~l, l "''''' 
"-"U" ''"' I. 
'(lllU"'lrI) 
/\\ ~'~f1 ' 'UU1Crt'" 1 I~' !I!:!:~9fn';~n !1.~ .. 2.!.!:,!".!".L CUDJI'! 11.1 .. '0 .... 0 .. ' I 
~ltH-n .... • ~:lo:·.~O;·:-\.l,' 
",I, .~ I • • 1 • . 
'tl.!.li..:~ .. '!..!ll-
...... u ... H~ .. "O., .. , 
t!!.U...!!!....~-1t.,.,C' .. '(0 u, ,,,' 
-::'''~ --
J 
It.!~~ 
t" . .. ou 111; 
::~O.t: .. ':i~l 
IN ut. ...... o~ I.' 
(hl"'(JlI1- UlU"OIII>oIl 
OO/lMOH '1 uW 
' ..... llO.(. 0 ... (. 
NO«_C"lC ~'(OUJ 
1C: . S.l"Cc~s: OHI"'(II 
_>1(.( UOIIQ(:( 1$ 
'!">I"ClIO "' .... le:. 
(WI!)[ J''','''II,IUT 
.wOST ,,(c: ... CVl, .... 
II'! II.IIIT ........ Lt." LWI) 
~~ ~r~.ut'l 
[,'.1 lUI " c .. Q 
,U."" '·OY1 ,u"!!!.t.W 
nUl (0"_'" I ... 
[ ..... '.T •• , t __ t " ......... '1'10 ~u ,( .. , I.:, ..... ' 0·) 
. ' ''' .. ""'1.11 t ") 
I 
'Ct!1.:..., ...... , 
lOfT[" "(I'{O!-
'O<IO(0[9! '" 
.... UTi (1.11.1 
(rt ,1.'01 1'0' AOI 
l.!.!!'!'~\U....J.II.~ 
TO'" "LI! 'e"!! 
( ..... 1.1 .. 4 •••• 1.1 •• (1'" 
I' . .. U.O.UIT tI) 
• 
",",",11 ... (' . 
."'''ITlC: _oc..,·· 
1I"'l( 
NOTt .-T-.u( 'CC:UjOoIIIT 
" ... Inc: .... ' C:QMU,IIVtlOOtl 
or USS.'1UIT( T.O .INt_._ 
,.". ... ""1 0111 -aT. 
Figure 4.13: Major types of tin deposit occurring in SE Asia. 
examples are highlighted (Hosking, 1977) 
Malay 
~ 
HOH-CAlCAA[OUS METAS [Ol t.l( HTS (TC. 
Figure 4.14: 
Tho po!.Lula lc4 (Njor raulu, in Wc:st )<obl,ysia. or 5upc:rimpol ;n, mincnoli!.ation due 10' 
hiJh-Ie .. d Jr.lniLK: itlvuion OfIINI due 10 vanile emplaced ill tbe maowDC. . 
1) SlrllJJonn sUm. 
lJ FolJcd. bod or non-alcucow Kd.imenl or mc:UJoedimenI. 
J) ~..:~i!~. ~ ~~"!. i~ II !~.e.T. h':.'1t. 
-4) I'qm.alilc in I1'nile/non-olc:rr.roous hOlt rock:!. 
S) Tin orcbody impounded hc:nc.o.lh lil1'C:llonc. 
6) Tin-bcuinr: lodes/veins in cn.nite/non-olellrcow hO$I roc:b . 
7) PC"$Il'I,l1ilC in if ..... ilenimcslonc hOloI roc:kJ.. 
8) TIn·t-.rin, lod.c:r./"Cin5 in ".nile. CIC. 
9) XenoltKrmal lin·bc.&rinl dcrosit In lil'l'lQlonc. Pouib!y usocu.lod wilh "Cin_ or pis»lil:o 
,,,,",,. 
IO} MC\.Is.On'IIlW: l\Ulplcn·bc.o.ri01 dcposil impounded io limestone by. mctucdimenlary folded 
boI. 
A categorisation of tin deposits in the ~Iain Range Belt, 
involving superimposed mineralisation due to high level 
granitiC invasion on that related to earlier plutonism 
(Hosking , 1977) 
- 115 -
The Republic is badly lacking tungsten resources. Numerous tin deposits 
in South Africa and Namibia have been or are currently mined. Present 
day production stems largely from the Potgietesrus tinfields, in 
association with acid phase rocks of the Bushveld Complex (see 4.3.3) . 
In South Africa other occurrences are known near Upington in the high 
grade rocks of the Namaqua f.letamorphic Complex (e . g. Van Roois Vlei), 
from pegmatite to the west within the same Complex, in association with 
tungsten in stratabound occurrences in the O'kiep area (see below), and 
as minor deposits associated with the Cape granites (see 4.3.2). 
Van Rooi 's Vlei Sn-W vein deposit is located within the gneissic Kakamas 
Terrane of the Gordoni a Subprovi nce (formerly Namaqua 'front', Stowe, 
1983). The deposit consists of several en echelon quartz-tourmaline vein 
zones intruded into a tight syncline of medium to high grade metamorphosd 
Proterozoic supracrustal rocks. Recent exploration (Shell ~Ietals) has 
proved a small ore body of rough dimens ions 300m stri ke, 500m deep, and 
5-20m wi de, with a resource of 2. 5mt gradi ng 0.38% W03 and 0.21 % Sn in 
the major vein zone. The mine has been technically approved, and only 
awaits improved tungsten pri ces before development will commence. Of 
note is that considerations to ore genesis show affinities to exogreisen 
mineralisation, possibly related to S-type ilmenite series granites 
(Bentley, 1984). 
Elsewhere in South Africa tungsten has been mined sporadically from small 
scheel ite deposits or el se in association with cassiterite 
mineral isation, and even then conditional to market conditions. Most 
production appears to have come from stratabound deposits in the O'kiep 
District of Namaqualand, within the so called Wolfram Schist unit 
'i nterl ayered' with the Nababeep and Concordi a granite gnei sses. Grades 
were quite high (0.29-2.50% W0 3), and around 2900t of concentrate were 
produced from 1941-1956 (Keyser, 1976). 
Other small occurrences occur to the north within the Namaqua Pegmatite 
belt, and in association with shear zones transecting large rafted 
amphibolitic xenoliths within Vioolsdrif Suite granodiorites of the 
Richtersveld Province. 
Present day Sn producti on in Nami bi a is from the Ui s pegmatite depos it. 
Sn and W production has been recorded from the now closed Brandberg West 
and Kranzberg f.lines. These deposits and similar occurrences are 
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discussed in more detail below (4.3.1) . This section overall is confined 
to discussions of the deposits/occurrences re1 ated to the Damara 
(Namibia) and Saldanian (South Africa) Provinces, with a brief overview 
of the Bushve1d deposits as they presently provide the major tin resource 
of South Africa, and are considerably better studied. Fuller reviews on 
tin mineralisation in South Africa are given by Crocker et al. (1976), 
Crocker and Callaghan (1979) and on tungsten by Keyser (1976). 
4.3.1 Damara Province 
Ti n and tungsten occurrences in the Damara Provi nee are very poorly 
documented, and the following relies mainly on personal observations, 
coupled with descriptions of the Uis t1ine by Richards (1980) and 
Kranzberg by Grant (1980). 
The Damara "tin province" is located within the Northern and northern 
Central zones of the Provi nce, withi n whi ch four "belts" of 
mineralisation can be delineated (Fig. 4.15). These, progressing NW, are 
the Karibib Belt (pegmatites hosting Li, Be, Cs, Ta-Nb mineralisation), 
the Khan-Rossing Belt (mostly uraniferous alaskites, but extending NE to 
encompass the Erongo Complex and related Sn-W greisen, quartz vein and 
pegmatite mineralisation), the Uis Belt (Sn-Ta in pegmatites), and the 
Brandberg Belt (Sn-W in greisens, quartz veins, pegmatites, skarns and 
rep 1 acement bodi es). Some metal zona ti on is evi dent withi n these belts. 
For instance the Uis pegmatite belt is Ta-rich at the SW margin and 
Sn-rich towards the NE extremity . The Brandberg Belt, which is some 
75-80km long by 20km wide, is essentially W-rich, although Sn is present 
throughout, and of significance in the SW. The Belt is defined by 
conspicuous ring structures (Fig. 4.15). 
An important feature is the distribution of late- to post-Karoo alkaline 
complexes, which are aligned along NE trending lineaments (Fig. 4.15). 
Of note are the Messum, Brandberg and Erongo complexes, the latter having 
associated Sn-W mineral isation of which the Kranzberg W deposit (see 
below) and the Spitzkoppe are the most economically significant. 
Pegmatites (as at Uis Hine) are both syn- and 1ate- to post-tectonic, as 
evidenced by deformed pegmatites parallel to the regional foliation, and 
others that are cross-cutting. 
(560-500Ha). To the north 
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syn-tectonic, and are correlable with those at Uis. It is conjectural at 
present as to whether the diverse Brandberg Belt mineralisation is solely 
related to late-tectoni c Damara granitoid emplacement, or else is 
'remobilised' Damara (Uis-type) mineralisation, emplaced during Karoo 
magmatism (F. Pirajno pers. COJlVTl., 1984) . The II-rich nature of the vein 
systems may suggest affinities to the Erongo Complex, and an overall link 
to the alkaline complexes may be postulated. 
Kranzberg Hine (presently non-operational) 
The Kranzberg Mine is located 34km south of Dmaruru township. Tungsten 
mineralisation (largely as wolframite, grading 0.3-0.5% 1103) is 
associated with post-Karoo granites of the Erongo Complex (Fig. 4.16), 
which appear to have been emplaced preferentially along the NE-SW 
trending lIaterberg 1 i neament. Other rock types in the area incl ude 
Damara granites, comprising porphyritic and equigranular varieties of the 
Salem granite, and which have also intruded the Khomas schists along a 
NE-SII trend (Grant, 1980) . 
Three types of mineralisation are discernable in the area:-
i) Kopje mineralisation - greisen bodies formed at the contact zone of 
the Khomas schists and Kopje granite (a foliated leucocratic 
q-fs-bi granite of the Salem suite). The zones of greisenisation 
and disseminated? mineralisation are localised along vertical to 
steep dipping fractures. 
ii) C-zone mineralisation - W associated with the greisenised contact 
zone between Salem granites and Khomas schist, dipping 55°SE. 
Greisenisation and attendant mineralisation is restricted to of ten-
flat fractures within the granite (i.e. endogreisen) . The greisens 
consist of a 
arsenopyri te, 
minerals, and 
Grant, 1980). 
roof zone of 
qtz-mica-fluorite-topaz assemblage ~ chalcopyrite, 
mo lydben ite, scheel ite, pyrrhoti te and bi smuth 
grade 0.3-0.5% 1103 (principally from wolframite?, 
Mineralisation appears largely restricted to the 
the granite. Hanging wall Khomas schists are 
extensively tounnalinised, as are the overlying Karoo sediments, 
significantly inferring that mineralisation may be of post-Karoo 
age. 
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Localities of three mineralised areas and section through 
Kopje mineralisation, Kranzberg mine (Grant, 1980) 
i i i) N-S vein mineralisation - weakly mineralised zones 3-10m thick and 
of some SO Om strike length occur within the Khomas qtz-fs-bi 
schists, f·1 inera1isation in pegmatites, quartz and granitic 
(greisen?) veins, and aplite 
al teration of the schists, 
has associated tourma line and silica 
foIinor wolframite:!: pyr ite occur on 
fracture planes that pre-date the silicification, 
The present 'Ilri ter considers the evidence (i ,e. alteration of Karoo 
sediments, as cited by Grant, 1980) for post-Kar oo age minera lisation as 
equivocal. There is no doubt that remobi1isation and/or redeposition of 
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capable of effecting tourmalinisation and greisenisation of country 
rocks. Only more detailed geochemical and petrographic studies will 
elucidate whether or not there has been any significant replacement of 
Damara mineralisation (i.e. the spatial relationship of mineralisation to 
Kopje granite/Khomas schist contacts infers a Damara age) or, more 
unlikely, whether Karoo-aged mineralisation has preferentially localised 
along structures at the granite/schist contact. 
Uis Pegmatite Mine 
The Uis Mine is currently the largest operating mine in the world 
extracting Sn from pegmatites. Reserves amount to about 
250mt @ O. 2%Sn02, and up to 1980 22702t of Sn concentrate had been 
produced. The Uis t1ine is located at the NE extremity of a l25km long by 
30km wide pegmatite belt (Fig. 4.15), which is interpreted as a NE 
trending graben (Richards, 1980). Sate11ite imagery, aerial photographs 
and aeromagnetic surveys have all del ineated structures substantiating 
this interpretation. Furthermore the belt, analagous to other areas of 
the central and northern zones, has been the locale of transform 
faulting, and repeated reactivation and tectonism along long-lived 
lineaments, with localised emplacement of Karoo alkaline complexes and 
dolerite dykes. 
The pegmatites are hosted by Khomas Subgroup schists, comprising a highly 
variable sequence of metapelites, metagreywackes, calc-silicates and 
quartzites. These attain upper amphibolite facies metamorphic grade, and 
there is evi dence for fairly wi despread regi onal contact metamorphi sm 
from the spotted nature of the schists and andalusite-cordierite 
(retrograded to pi nite) assembl ages. Locally, in the vi ci ni.ty of 
pegmatites, the schists are heavily tourmalinised (to 60 modal %; 
Richards, 1980). 
Syn- to post-tectonic Salem granites in the Uis area include various 
phases of fol i ated porphyri ti c muscovite-, porphyri ti c bi otite-granite 
~ tourmaline, leucogranite, and coarse grained, less foliate, porphyritic 
biotite granite. Pegmatites are especially abundant at the foliate 
granite/schist contacts. 
At Uis Mine there is a swarm of over 100 individual pegmatite bodies, all 
'layered', unzoned, and coarse to very coarse grained. flining operations 
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are centred upon eight of these pegmatites, which are up to 100m wide and 
1000m long. The mineralised pegmatites are syn-tectonic, they vary in 
size, and are emplaced within tension gashes, with noticeable pinch-an d-
swell structures. Average grades of Sn are around 0.15%, but over 1m 
secti ons may range from 0.002-3.20% Sn. Cassiterite di stri buti on is as 
random fi ne-gra i ned di ssemi nati ons throughout the pegmati teo There is a 
close association of cassiterite with albite, muscovite, sericite and 
schlorite, and grains often tend to concentrate along fractures in quartz 
and orthoclase (Richards, 1980). Highest concentrations of Sn are found 
in association with sporadic greisenisation within a given pegmatite. 
Two generations of unmineralised quartz veins (pre- and post-pegmatite) 
are also recognised. 
The pegmatites all have a characteri sti cal tera ti on halo whi ch pers i sts 
for up to 200m from the body, and is marked by an inner 20-50m zone of 
intense greisenisation (quartz-muscovite-albite-tourmaline). This is 
further evidenced by geochemical enrichment in the wall rocks of Al, K, 
Fe, Ti, P, Li, F, B, Sn, Ta and Nb, and depletion in Si, 1'lg, Ca, Na. 
Similar geochemical trends exist in exogreisen alteration assemblages in 
New Zealand (Pirajno and Bentley, in press). Mineralogical changes such 
as feldspar to sericite, biotite to chlorite and tourmaline, and 
plagioclase to albite are discernable in thin section (Richards, 1980). 
Two discrete phases of biotite and tourmaline were identified, and could 
be interpreted in terms of two pul ses of contact metamorphi sm and boron 
metasomatism, or else evidence of magmatic intrusion and alteration in 
Damara and Karoo times. The former appears more 1 ikely, with 
mi neral i sati on and, alterati on effects superposed on earl i er hornfel si ng 
due to empl acement of syn-tectoni c Sal em-type granite. Stages in the 
evolution of the Uis pegmatites can be envisaged as follows: 
1) Generation of crustal-derived syntectonic Salem-type granite. 
2) Intrusion of parent body at differentiation a . muscovite-garnet 
depth, spotting of country 
rocks (contact metamorphic 
effects) 
ins itu granite 
+ 
b. pegmatites 
(coexisting 
exsolved 
aqueous fluids) 
2".aplites 
Late tectonic 
emplacement along 
the margin of the 
3) Deformation and metamorphism 
conti nues with 
- growth of cordierite 
(biotite) within foliation 
- folding and development 
of foliation 
Brandberg West Sn/W Mine 
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c . Limi ted Salem-granite and 
concomitant migration of 
to late greise- pegmatitic fluids 
nisation along along fractures 
granite margins emanating from 
and associ ated intrusive margins 
wi th pegmatites 
(metasomatic 
activity) 
The Brandberg Mine (presently closed) is located on the margin of a ring 
structure where it intersects a major NW trendi ng fau1 t (Fi g. 4.17). 
Mineralisation is largely within quartz veins hosted by Khomas Sub-group 
quartz-biotite schists, which display biotite-cordierite hornfel s . The 
quartz veins appear to have a sheeted arrangement (Plate 4A), localised 
along fractures related to the diapiric intrusion of granite into the 
core of a SW plunging anticline, and which subsequently collapsed and 
formed the ring structure. The principal strikes are E-W and NE-SW. 
Recent diamond drilling has elucidated the existence of an intrusion 
(greisenised granite) below the open pit . 
The vein system overall extends 500-600m to the NE, covering an area some 
1200m long by 5DOm wide, although in the NE block mineralised veins are 
more randomly ori entated. The vei ns wi thi n the open pit are mostly 
localised within the lower marble and upper schist (Fig. 4.18) and have a 
classic greisenised halo with muscovite and tourma1inised selvages which 
overprint biotite hornfels (Plate 4B, Fig. 4.19). The principal ore 
minerals are cassiterite, wolframite, scheelite, plus sulphides such as 
chalcopyrite, bornite, pyrite, pyrrhotite, marcasite, 2° chalcocite, . 
Pb-Bi su1phosalts. Tourmaline and fluorite are very common. Wolframite 
(up to 0.10m) crystals occur mostly on 'vein margins, with cassiterite in 
the cent.al pa.ts of veins and within wall rocks in association lrlith 
tourmaline. The veins range from 0.1-1.5m in size and have typical 
grades of around 0.1% Sn02 and 0.2% W0 3 , including wall rock. 
Apparently in 1980, prior to closure, reserves were estimated at 4mt 
grading 0.25% W0 3 + Sn02' 
Within the open pit, 
vei ns, a zone of 
apart from the attendant greisenisation around given 
sulphide mineralisation and associated argillic 
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showi ng mi neral occurrences. ri ng structures 
l ocal ities (Pirajno, unpublished data) 
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Plate 4A: View of the NE side of the Brandberg West open pit. Note the 
anastomosing sheeted vein system 
Figure 4.18: 
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Geological sketch cross section, Brandberg West open pit 
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Plate 40 : Typical quartz vein, 
Brandberg West open pit. Note 
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selvage, and tourmalinised 
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scheelite, plus minor sulphides 
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alteration occurs on the northern side, where a post-mineralisation 
dolerite dyke (~Cu mineralisation) has been emplaced along similar 
trending fractures (E-\I) that host quartz veining. The fractures that 
have channelled the dykes have also locally displaced the mineralised 
veins. 
Brandberg North area 
The simplified geology of the area north, and north-west of the Brandberg 
is shown in Fig. 4.17. The area is underlain by turbiditic sediments and 
intercalated marbles of the Khomas Subgroup. Basal Chuos Formation 
mixtite is locally preserved, and there are sparse intercalated felsic 
volcanics. The predominant lithologies are pelitic, psammitic and 
calcareous rocks of the Kuiseb Formation. Two persistent marble members 
10-60 and 50-170m thick make a subdivision of the succession possible 
although in the Brandberg North area it is often difficult to distinguish 
the marble bands, making regional correlation difficult. 
The sedimentary succession is intruded by various granitic rocks, which 
occupy vast areas to the south and east. . These compri se syn- to post-
tectonic Damara granites (Salem-, Sorris Sorris-types) and late- to 
post-Karoo granites, a~d which exhibit partly concordant, partly 
discordant relationships with the country rock. To the northwest 
widespread Karoo-age (120-l30Ma) lavas (the Etendeka Plateau) include 
basaltic to dacitic flows. The Doros Complex in the north is a 
conspicuous feature, consisting of an alkaline complex of mostly layered 
olivine-rich melanogabbros emplaced during late Karoo times. A recently 
discovered layered mafic-complex, emplaced concordantly within the Khomas 
Subgroup outcrops NW of Goantagab (Fig. 4.17). 
Metamorphism in the region is low grade, attaining a maximum of lower 
greenschist facies. The effects of thermal hornfelsing by post-tectonic 
granites are clearly superimposed on the metamorphic fabric, being 
manifested as spotted schi sts (bi otite-cordi erite porphyrob 1 asts). 
Notably in the Brandberg North area the porphyroblasts cut the foliation, 
whereas at Uis (to the southeast of Brandberg, Fig. 4.15) they are larger 
and are parallel to the fol iation, inferring syn-tectonic formation, and 
continued growth during progressive deformation. In more aluminous zones 
of schist andalusite may form (c.f. cordierite in Mg-rich zones). The 
other important feature is that the thermal aureoles related to the 
F, 
F, 
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intrusions of granite invariably are localised within clearly defined 
ci rcul ar structures (vi si bl e on Landsat imagery and aeri al photographs) 
that cross-cut schistosity, and also occur within Salem granites. These 
structures are formed by collapse from polyphase diapiric intrusion, and 
often have directly associated veining and alteration (greisenisation) 
+ mineralisation. As such they present a prime exploration target for 
subsurface mineralised bodies. 
Four periods of deformation are recognisable in the Brandberg North area 
(Fig. 4.20). Fl is equated with open to isoclinal folding, with a 
prominent slaty cleavage (51). This was followed by open to tight 
folding with localised flexural slip (F2), gently warping (F 3) and 
then k i nki ng (F 4) . The 1 atter actually may be fl exuri ng due to 
northwest-southwest compression (Weber and Ahrendt, 1983), resulting in a 
steep NW dipping crenulation cleavage. The deformational phases are 
attributable to the Damara orogenic episode. 
e F. 
F, 
e F, 
F, F, 
Figure 4.20: Sketch of deformational events, Brandberg North 
A variety of Sn/W occurrences are observable in the Brandberg North area; 
including vein deposits intimately related to ring structures and 
greisenisation, pegmatites associated with the Ousis granite (see below), 
and replacement-skarn type bodies. 
The Ousi s pegmati tes are empl aced 
syntectonic Ousi s granite (Fig. 4.17, 
adjacent to the 
Plate 4C), which 
Damara-aged, 
is a highly 
differenti ated bi otite-muscovite grani teo The pegmatites locally host 
Sn/Ta mineralisation (e.g. De Rust ~line), and are considered genetically 
related to the granite, which significantly displays geochemical 
--------- ----------
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specialisation, having very high Sn content (up to 220ppm), W(to 55ppm), 
high Rb/Sr ratios (around 5.0), K20 (3 . 6-4.0wU,), Na20 (3.7-4.0wt%) 
and Si02 (68-70wt%). Generally the pegmatites display foliation and a 
crenulation subparallel to the enclosing schists. The margins of the 
pegmatites may be tourmalinised and have a distinctive micaceous selvage 
(Plate 40), probably related to late-stage greisenisation. 
The contact of the Ousi s grani te and Kui seb schi st is marked by garnet-
muscovi te-tourmal ine assembl ages in the granite, and the empl acement of 
syntectonic, locally mineralised, greisen and pegmatite veins subparallel 
to and cross-cutting the foliation of the country rocks (Plates E, F). 
Various forms of exogreisen vein hosted mineralisation are found within 
the Kuiseb schists. At Gamigab prospect cassiterite-hematite 
mineralisation is hosted by E-W trending veins, cross-cutting the 
NE-trending schistosity. The veins appear emplaced within an antiform, 
and importantly are restricted to within the schist, with adjacent marble 
units unmineralised (in contrast to the replacement-skarn type of 
mineralisation, see below). However the marbles, when proximal to the 
veining, display distinctive sideritic alteration (Plate 4G). 
The schist is visibly thermally hornfelsed, with biotite clots that 
cross-cut the foliation. Of note is the intense hematite alteration 
adjacent to quartz veining, and hematite, calcite ~ cassiterite infilling 
of fractures. Thi s may indicate a (conjectural) second phase of 
mineralisation related to late stage fluids derived from Karoo intrusives 
(e.g. at Gamigab there is a Karoo aged volcanic plug nearby, with 
abundant Fe alteration). 
Often exogrei sen vei n swarms are local i sed withi n ri ng structures. The 
veins are generallY hosted by Khomas schists, and follow pre-existing 
joint or fracture patterns. Ore minerals include cassiterite, wolframite 
and sulphides such as chalcopyrite and pyrite. The veins are often 
intensely brecciated, indicating some tectonic reactivation and fluid 
remobilisation. Alteration around the veins is mostly muscovite/sericite-
tourmaline-clay, whilst proximal marble units may be sideritised. 
Replacement-skarn type mineralisation is found adjacent to and within the 
marbles of the Kuiseb Formation, manifested mostly as Fe-rich pods 
bearing cassiterite. In the Goantagab area (Fig . 4.l7) these pods overly 
Plate 4C; 
Plate 40: 
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Ou sis pegmatite within Kuiseb quartz-biotite schists . 
Brandberg is in the background 
The 
Ousis pegmatite 
teuma 1 i ne) . The 
of cassiterite. 
show; n9 grei sen; se d se'vages (fiIUSCOV; te-
top of the pencil magnet .indicates a grain 
Plate 4E: Ousis granite-metasediment contact, wah greisen vein parallel 
to foliation 
P1 ate 4F: Ousis granite-metasediment contact. Greisen 
biotite schist and squeezed along foliation 
vein intruding 
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Plate 4G: Distinctive sideritic alteration of marble, adjacent to 
mineralised veining in schists (Gamigab prospect) 
cassi terite- and sul phi de-bearing vei n systems wi thi n biotite schi sts 
flanking an antiform (Fig. 4.21, Plate 4H). 
Plate 4H: View SE showing locale of Sn-hm pods which replace the upper 
marble horizon (forms bluffs top left). The scree slope 
(schists) has visible quartz veining carrying cassiterite and 
sulphides 
Mineralisation of this nature 
structures . Flexural slip (F 2 , 
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appears spatially related to 
Fig. 4.20) appears to have 
brecciation (and 'conditioning') along the schist-marble contacts. 
ring 
aided 
This 
brecciation has attendant quartz veining, which tend to 'foliate' around 
the margins of the ring structure. The replacement bodies have hardly 
any attendant a lterati on apart from ferrugi ni sati on, and consi st mostly 
of hematite.::. cassiterite and magnetite (Plates 41, 4J). Locally they 
are particularly rich (e.g. 21.4% Sn over 6.9m, 21% Sn over O.3m, in 
dri 11 core) , but are overall too small to exploit commerci ally (the 
Damara natives extract Sn profitably). Quartz vein mineralisation 
includes cassiterite, galena, .::. pyrite, pyrrhotite and rutile. 
Cassiterite content decreases with di stance away from the ri ng structure 
(Fig. 4.21). 
Overall the belts of Sn/W mineralisation in the Damara Province indicate 
the 1 ikelihood of numerous periods of magmatic and tectonic activity 
(during Damara and Karoo times), which no doubt have enhanced metal 
concentrations. The generation of these granites is attributed to 
anatexis and melting of the lower crust, although the mechanisms behind 
the emplacement of the Salem suite are likely to be quite different from 
that of the post Karoo alkaline complexes such as Brandberg, which can 
feas i b ly be attri buted to hotspot/mantl e plume acti vi ty in the upper 
mantle. The province as whole may well be characterised by geochemically 
specialised granites (i .e . granites with high background Sn/W and other 
incompatibles). As an example, in the Brandberg North area there are 
widespread granite intrusions, which to date have been grouped as 
Salem-type, Sorris-Sorris type, within which the specialised Ousis 
granite has been differenti ated. Until further geol ogi cal mappi ng and 
geochemical, petrological and radiometric dating studies are undertaken 
it is speculative to assign any particular granite as genetically related 
to the mineral isation, and furthermore present indications point to a 
fairly complex genetic and geochemical cycle in the evolution of the 
mineralisation. 
The Ousis granite is known to be highly differentiated, and Sn-rich (up 
to 220ppm Sn). The emplacement of greisen and pegmatite veins related to 
this granite in contact zones parallel to the biotite schist foliation 
indicates a syntectonic emplacement, possibly prior to consolidation and 
metamorphism of the sediments. This substantiates that at least some of 
the observed mineralisation is of Damara age. 
--
Figure 4.21: 
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Plate 41: Hematite + cassiterite mineralisation marginal to a mined out 
pod, within marble at the schist/marble contact (Goantagab 
Prospect) 
Plate 4J: View of an intact cassiterite-hematite replacement pod. 
Grades are high (up to 6-7% Sn) but bodies tend to be too 
small for economic exploitation by corporate enterprises 
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The late-tectonic Salem granite includes porphyritic biotite- and 
hornblende-biotite ~ sphene granites. In general more sil i ceous 
lithologies that are less porphyritic are found towards the core of 
intrusives. The granite overall is a potential Sn-mineraliser, with a 
background content of about 10ppm Sn. The marginal zones of plutons are 
often characterised by xenoliths of more mafic "enclaves" (parental 
material) and digested country rock. Localised greisenisation is 
observable, with over short distances fresh microcl ine-biotite granite 
progressively muscovitised and capped by silicification, quartz veining 
and tourmalinisation. Contact zones are irregular, and interfinger with 
the country rock. Bi otite usually superposes hornbl ende in these areas, 
and garnet and spotted biotite + cordierite hornfels may occur. 
Depending on the composition of the country rock sill imanite may occur 
right at the contact (if Al-rich) or else magnetite (if mafic). The 
Salem Suite granites also have associated mineralised ring and collapse 
structures, although it is unsure as to whether these are related to late 
stage intrusive phases of the suite or younger Karoo intrusives. 
The Sorris-Sorris granite is also late tectonic, and intrudes the 
Salem-type granites (Salem xenoliths are incorporated within the Sorris 
Sorris). It has no notable Sn-enrichment, but displays greisenised 
border zones, with, similar to the Salem types, hornblende-biotite-
microcline granites being altered to biotite-, then muscovite-granites, 
with later quartz-tourmaline veininv with greisenised margins. 
A common denominator to all the mineral occurrences is the presence of 
greisen-type alteration, and this immediately places constraints on the 
nature of hydrothermal fluids involved in the ore - forming processes (see 
section 5.0). In the Brandberg North area, as much as it is difficult at 
present to pin point the exact granitoid-mineralisation relationship, one 
aspect is very clear, - the low grade quartzo-feldspathic and carbonate 
metasediments constitute an ideal environment for the formation of a wide 
spectrum of mineral ised environments - as evi denced above. Furthermore 
the recognition of circular collapse structures and associated 
greisenisation and quartz veining clearly narrows down 
evaluation. The variety of mineralised settings observed 
target 
in the 
Brandberg North area can be assessed in terms of the probabl e depth of 
emplacement of the granitoid intrusions, coupled with the potential 
interaction of mineralised fluids with favourable lithological horizons. 
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4.3.2 Saldania Province 
Tin and tungsten mineralisation in the Saldania Province is poorly 
documented, especially in terms of modern concepts concerning grani te 
genesis, and related greisen and porphyry mineralised environments. This 
probably stems from the lack of economically viable deposits (to date) in 
the region. 
Tin, as cassiterite, is the predominant ore mineral, whereas tungsten 
usually occurs as accessory wolframite. ~Iost of the known Sn deposits 
are situated in a NNW trending zone extending from the slopes of 
Helderberg near Somerset West in the south east, past Kuilsrivier and 
Durbanville, to an isolated occurrence near Yzerfontein on the west coast 
in the NW (Figs. 4.22, 4.23; Crocker and Callaghan, 1979). ~Iinor Sn has 
been detected (Beeson, 1978 in Crocker and Call aghan, 1979) ins tream 
sediments taken adjacent to the George plutons to the east. 
In a spatial context the deposits range from endogranitic in the S.L 
(Kuisrivier- Helderberg area) to exogranite the NNW (Koeberg, Hogekraal, 
Kanon Cop etc.). This feature was attributed by Scholtz (1946) to the 
granite in the SE pitching slightly NW. Proceeding NW from Helderberg 
the ore deposits along the mi nera 1 i sed zone are located with i n Na 1 mesbury 
sediments at progressively higher levels relative to pluton roofs (Fig. 
4.24). In this respect there is a possible vertical zonation of the ore 
assemblages. At Helderberg endogranitic assemblages comprise 
cassiterite, traces of wolframite, loell ingite tending to arsenopyrite, 
chalcopyrite, and minor pyrite, molybdenite, tourmaline, apatite, zircon 
and traces of gold and silver. At Kuilsrivier en do- and exogranite 
assemblages are cassiterite with associated wolframite, loellingite, 
arsenopyrite, traces of molybdenite and tourmaline. Assemblages of 
cassiterite, arsenopyrite, pyrite, sericite, with traces of gold, silver, 
copper anmd bismuth are hosted within Malmesbury sediments to the NW. 
Overall the essenti al features are the abundance of sul phi des and the 
lack of fluorine-bearing minerals. 
Roof pendants of Malmesbury metasediments are hornfelsed (spotted, 
chl ori te-cordi erite) , and tourmal i ni sed where transected by quartz 
veins. ~Iuscovite (often Li-bearing) is common as vein sel vages, within 
vei ns, and country rocks. Contacts between the metasediments and the 
older granites are invariably intrusive, with hornfelsing in the 
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metasediments grading into zones of quartz stringers and veining, and 
granitic (greisen?) veins, and within the granite ap1itic veining, minor 
pegmatites and tourmaline nodules (Krige, 1921). 
The Kui1srivier areas (Figs. 4.24, 4.25) is the best studied of the tin 
deposits, and yielded some alluvial production on Langverwacht Farm 
(Krige, 1921). Primary cassiterite mineralisation occurs in quartz veins 
up to 1.5m wide, dipping 15-20· east and associated with zones of intense 
sheari ng in coarse porphyri ti c bi oti te grani te . The zones are up to 
20o-300m wide and can be followed intermittently along strike for 3km in 
a NNW direction. Albitisation and tourma1inisation of the host granites 
and muscovite selvages to quartz veins indicate a greisen environment, 
with mineralisation concentrated within the roof zone of a cupola 
stemming from a large batholith at depth. 
It appears that most if not all the Sn mineralisation in the Cape region 
can be related to greisen-style mineralisation. As mentioned earlier in 
3.3.1 it is suspected that there is ali ke1 i hood of attendant porphyry 
mineralisation with the younger intrusive suite, implications of which 
are discussed in section 5.0. 
4.3 . 3 Bushveld Complex 
Revie\~s of tin deposits associated with the acid phase and roof zone 
rocks of the Bushve1d Complex are given by Crocker et~ a1. (1976), 
Lenthall and Hunter (1977), Crocker and Callaghan (1979), and Wilson 
(1979). Tin has been mined from six fields within the Bushve1d Complex 
(Fig. 4.26), within which three mines, Zaaiplaats, Union and Rooiberg are 
still producing. Cassiterite is the main ore mineral, occurring within 
endogranitic pipes and primary disseminations (Zaaiplaats), or in 
exogranitic fissure veins, fault breccias or replacement bodies (Union 
and Rooiberg, Fig. 4 . 27). Further classification reflects host rocks, 
e.g. granite, granophyre, felsite and sedimentary rocks. Table 16 
summarises salient features of the mineralisation, and Fig. 4.28 
illustrates a model of the various types of tin deposit. It can be seen 
that a wide variety of deposits have been discovered within the Bushve1d 
Complex (see Crocker and Callaghan, 1979), and only a brief resume of 
that exhibited by the producing mines is presented here. 
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Figure 4.24: Simplified geological map of the Kuilsrivier region, 
tin deposits within granite and t'lalmesbury 
showing 
Group 
metasediments (adapted from Krige, 1921) 
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Figure 4.25: Simplified local 
geology of the Kuisrivier tin 
deposits (adapted from Krige, 
1921 ) 
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Figure 4.26: Location of mineralisation associated with the acid phase of 
the Bushveld Complex. The six main tin fields are shown 
with an indication of the proportion of the total tin 
production contributed (till 1976) 1, Potgietersrus; 2, 
Nystroom; 3, Elands; 4, Rooiberg; 5, Olifants; 6, ~lo1oto 
(after Hunter, 1976; Lenthall,1974) 
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Figure 4.27: Schematic representation of the main locales of tin 
mineralisation in the Bushveld Complex (Hunter, 197b) 
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Table 16 : Some features of tin mineralisation associated with the acid 
phase of the Bushveld Complex 
Six principal fields: ~Iineralisation mainly Sn (0.6-3 . 0%), + minor 101, 
As, Cu, Fe, Pb, Zn. Alteration: sericite, quartz, chlorite, tounnaline, 
granite with miarolitic textures. 
Tin field/ 
deposit 
Potgietersrus/ 
Zaaiplaats 
Solmans 
Temple 
Rooi berg/ 
A, B, C, 
~Ii nes 
Nyl stroom/ 
Union Mine 
El and 
01 ifants/ 
r~utue Fi des 
Stavoren 
t'10 1 oto 
Host rock 
Bobbejaankop and 
Lease granites 
Type of ore body 
Disseminated endogranitic 
either within granite 
(low grade) or pipes 
(very high grades). 
Some associated 101, Ag, 
and base metal sulphides 
Pretoria Group Replacement bodies in 
sediments arkoses and shale, 
A Mine - bedded localised annular 
qtzite structures on shears, 
B Mine - Stock- veins in shears. 
work replacement Generally intense 
of qtzite. tourmalinisation 
C ~Ii ne - frac-
tures in qtzite 
and shal e 
Rooiberg fel-
sites, and 
interlayered 
Sterk River 
shale 
Granophyre 
Bobbejaankop 
Granite, 
Rooiberg 
felsites, 
Granophyre 
Mineralisation within 
or adj acent to 
fissures in felsite 
or shale. 
r,lineralisation in 
fissures transecting 
pegmati te and 
granophyre. Alluvial 
and eluvial deposits 
have been of signifi-
cance 
Fissure and lode 
deposits, sma 11 pipes. 
Local grei seni sati on 
associ ated with 
mineral isation. 
Diverse sulphide 
Flat lying 
12-15m 
thick zone, 
on fl ank of 
ENE warp. 
Pipes highly 
erratic, 
unpredictable 
Mineralisation 
related to 
Lebowa Suite 
intrusion, 
localised on 
NW axis folds, 
and thrust 
faults on 
syncline 
flanks. These 
have acted 
as feeders. 
On northern 
1 imb of 101 
plunging anti-
form. Extensive 
faul ti ng 
(Doornhoek and 
Welgevonden 
Faults) 
Prospected 
in 1973 
Not worked 
anymore 
assemblage - py, stannite, 
cpy, aspy, mo, bi, gl , sp, 
sch, wolf. 
Bobbejaankop ~Ii nor depos its, Prospected 
Granite, mostly fissure and in 1973 
granophyre lode deposits 
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Zaa i pl aats 
Endogranitic mineralisation at Zaaiplaats Nine is restricted to the 
apical portions of the Bobbejaankop Granite (a late stage differentiate 
of the Lebowa Granite Suite), and to a fine-grained "hood facies" - the 
Lease Granite (Fig. 4.29). Primary disseminations within these zones 
constitute low-grade ore (0.15-0.20% Sn). These extensi ve zones contai n 
cassiterite grains to 6mm, and generally taper off in grade with depth 
from the apical portions of the granite. Locally the granite may be 
altered to epidote-chlorite-sericite assemblages. 
Highly erratic and unpredictable pipes with concentrations of up to 
30% Sn provide irregular highgrade ore (Plate 4K). The cylindrical pipes 
may reach up to 1000m in length with diameters of less than 1m to over 
10m (mostly l-2m). The pipes are distinctive annular structures with 
mineralogical zoning - an illite-sericite core, cassiterite-tourmaline-
quartz margin, grading through sericitised and albitised granite to 
relatively fresh microcline granite. The pipes are distinct in that they 
only carry tin in areas where disseminated ore zones within the 
Bobbejaankop Granite are transected. 
Relatively rich mineralisation (0.4-5.0% Sn) also occurs as lenticular 
disseminated ore bodies (Lily Pads) within the Lease Granite, and 
generally located against or close to the pegmatite roof zone. An 
alteration halo comprising albite-epidote-sericite-illite-cassiterite 
assemblages going inwards is usually associated with these bodies. 
Union Tin ~line 
Mineralisation is confined to within or adjacent to fissures in Rooiberg 
felsite (ignimbrite) and the interlayered Sterk River shale. The ~line is 
situated on the northern limb of the regional Swaershoek anticline, which 
plunges west at a low angle. The area is marked by extensive faulting, 
in particular the Doornhoek and Welgevonden Faults (Fig . 4.30). The 
Doornhoek Fault duplicates rocks of the Rooiberg Group, with an ondip 
displacement of BOO-1000m. 
Tin mineralisation, as cassiterite, is associated with hematite, 
magnetite, and lesser amounts of chalcopyrite, arsenopyrite and galena, 
invariably adjacent to and within fractures and fissures discordant to 
the Sterk River shale (Plate 4L). 
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Cassiterite-bearing pipe, Zaaiplaats Tin Mine. An inner 
seri citi sed core has grades of 2:.1 % Sn, whereas the outer 
ha 10 may conta in up to 30% Sn 
• ~ ,I • • • '.' • ;. v ... ~' . ' ,.~ ~ .. : • • .' 
Typical discordant fracture (the N3 Lode) within Sterk River 
Shales which hosts cassiterite mineralisation, Union Tin Mine 
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cassiterite disseminations, locally with quartz veins and disseminated 
sulphides characterise this lode -type. No. 1 type ~Iine geologists 
distinguish three main lode ty pes: N, No.1, and 120-types (Fig . 4.31). 
The N-type lodes dip east at :'45', and are the principal cassiterite 
carriers. Chloritised wall rocks with fine lodes transect the shale 
bedding, and are sub-parallel to th e regional Welgevonden Fault. These 
lodes have a stong hematite -magnet ite association and show wide 
variations in cassiterite content where mineral ised. The l20-type lodes 
strike parallel to bedding, and dip 55·N. A genetic relationship with 
the Doornhoek Fault is envi saged, and reverse fault/movement may have 
remobilsed some mineralisation, as it is generally low grade 
(0.1-0.3% Sn) and at best erratic. 
Rooiberg 
The Rooiberg tin-field is situated 65km west of Warmbad within the 
uppermost sediments and volcanics of the Pretoria Group of the Transvaal 
Supergroup (the "Rooiberg fragment"). Cassiterite is presently recovered 
from four producing mlnes:- Hartbeesfonteln ('A' mine), Niewpoort ('B' 
mine), Leeuwpoort ('C' mine) and Vellefonteln (Fig. 4.32). Numerous 
other occurrences are known in the fragment . The lower portion of the 
stratigraphic succession at Roolberg (Fig . 4.33) consists of a 
fining-upward sequence of sediments, In which the basal Boshoffsberg 
Quartzite ~lember grades I nto the Bl aauwbank Shale l-1ember . Th I sis 
unconformably overlain by the volcano-sedimentary Smelterskop Formation, 
which is capped by felsite of th e Roolberg Group. 
Tin mineralisation In the Roolberg fragment occurs as replacement and 
bedded lode deposl ts . The repl acement deposl ts occur as spectacul ar, 
irregular-pipe like bodies located along, or at the Intersections of 
steeply dipping fractures. Bedded lode deposits occur within a specific 
stratigraphic Interval - In the cross-bedded feldspathlc Boshoffsberg 
Quartzite Hember (termed arkos ite) and I n the overlyi ng trans itl ona 1 
sh" ly-quartzite below the Blaauwbank Shale Member (Fig . 4.33). 
HI nera 1 I satl on does not exten d pas t the Bl aauwbank Shale I'lember, whl ch 
appears to have been Impervi ous to ascendl ng fl ul ds. It I s preserved 
within the SE-trending Blaauwbank syncline (Fig. 4,32), one of three 
synclines formed in the region during emplacement of the Lebowa Granite 
suite . The axes of the synclines generally parallel the Intrusive 
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contacts of the granite. The other major structural feature, subsequent 
to the folding, was thrust faulting along the flanks of the synclines, 
dipping towards the granites (Rooiberg Staff, 1984). The thrust fault 
zones are often characteri sed by brecci ati on with pal e pi nk quartzi te 
fragments in a dark tounnaline- and chlorite-rich matrix. They are 
considered as primary feeder channels for the ore-forming fluids. 
The various mines have different styles of mineral isation, although the 
bulk of production comes from · exploitation of the stratabound 'bedded' 
lode deposits. 'A' mine has cassiterite mineralisation associated with 
'pockets' which are randomly orientated and bedded, around 90% being 
controlled by fractures in the arkosites (Plate 4~1). '8' mine is 
characteri sed by di scordant fracture contro 11 ed mi nera 1 i sati on, as we 11 
as stratabound cass iterite along beddi ng planes, with occass i onal 
'boudi naged' pockets. Similar mineralisation occurs at 'c' and 
Vellefontein mines. 
Greisenisation of the sediments is a common and widespread phenomenon at 
Rooiberg. Typical alteration assemblages include chlorite, sericite 
(after feldspar), muscovite, recrystallised quartz, fluorite, siderite, 
ankerite and tourmaline. Sulphides are present along mineralised 
fractures (e.g the Magazine fissure lode), and in zoned alteration haloes 
associated with replacement pockets. Pyrite and chalcopyrite are common, 
the fonner hosting substantial Ni (6000ppm) and Co (5000ppm) when in 
bedded lode deposits. Hinor pentlandite and bravoite may also be 
associated with the pyrite. Other sulphides including galena, 
arsenopyrite, pyrrhotite and sphalerite have been reported from the mines 
('8' mine in particular has aspy and antimonides), whilst minor scheelite 
is found in pockets at 'A' mine, and Fe-oxides such as magnetite in 'c' 
mine. 
Alteration zonation associated with the replacement pockets is highly 
variable. Cores may consist · of cassiterite-tourmaline or 
quartz-siderite-ankerite (Plates 4N, 40), with variable sulphide 
content. Invariably there is an outer tourmal ine halo. A feature of 
these bodies is that prominent cross-bedding of the arkoses may be traced 
into the outer rims of the structures (Pl ate 4P), good evi dence of the 
hydrothennal replacement nature of the fluids (and vapours). 
.'- ~ .. 
PLATE 4N: Typical pocket mineralisation and zonation, 'A' 
r~i ne. Note the well defi ned quartz-carbonate-tourmal i ne 
core, outer pyrite halo, and peripheral tourmaline. The 
controlling fracture runs vertically up the photograph. 
Tourmalinised bedding planes are visible top left. 
PLATE 4P: Annul ar pocket superimposed on cross-bedded arkosite. Th _ " 
bleached alteration is mostly siliCification, with minor", 
carbonisation, and zones of tourmalinisation. Note the ," " 
"feeder pipe" at base 
" . 
, " 
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PLATE 41-1: Brecciated fissure with associated replacement 
pocket (right), truncating finely tourmalinised 
(+cassiterite) bedding planes in arkosite (left). Rooiberg 
'A' Hine. 
PLATE 40: Ankerite-quartz-pyrite 
tounnal ine outer halo. 
each zone. 
core to pocket, with cassiterite-
Pyri te occurs at outer margi ns of 
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Genetical Aspects 
Overall the tin deposits of the Bushveld Complex are genetically related 
to end member differenti ates of the Lebowa Grani te Suite . Var i ety in 
setting is imposed largely by the intrusion of thes e granites into 
different roof rocks - in particular leptites of the Rashoop Gran ophyre , 
felsites and shales of the Rooiberg Group, and various sedimentary 
successions of the Transvaal Supergroup. ~Iineralogy of ensuing 
mineral isation varies with the nature of host rocks, the presence of 
suitable structural channel ways, and whether or not volatilisation 
and/or hydraulic fracturing and/or throttling of late stage fluids 
occurred. Some aspects of the genesis of the deposits are outlined 
be low, as they · often constitute uni que mi nera 1 i sed setti ngs, although 
there are some overall similarities to the other deposits described 
earlier. 
Geochemi cal studies of the Bushve1 d aci d magma phases (Lenthall and 
Hunter, 1977; Crocker, 1979; Wilson, 1979) point to an anatectic 
source, brought about by selective fluorine-fluxing of sialic crustal 
rocks. Differentiates of the Lebowa Granite Suite, such as the 
Bobbejaankop granite, are derived from hornblende granites, and are 
marked by volatile-rich biotite granites, often localised in the core of 
intrusions. Late stage deuteric and post magmatic alteration in the late 
crysta11 i sing cores occurred as a resul t of conti nued enri chment of the 
melt in residual and volatile constituents. This deuteric alteration, 
which results in perthitisation of feldspars, chloritisation of biotites 
and oxidation of released iron (from feldspar lattices) gives rise to the 
tYpical "red granites" almost always associated with mineralisation . 
Endo- and exo-granitic mineralisation can be distinguished, the former as 
at Zaaip1aats (Sn) and Buffalo Fluorspar (F) ~lines, the latter as at 
Union and Rooiberg Tin mines . Volatile action and possible pre-existing 
structures probably play important roles in whether or not mineralising 
fluids intrude roof zone lithologies. Lentha11 and Hunter (1977) 
consider that remobilisation and movement of high level granite may occur 
where large volumes of volatiles collected in high zones of the granite 
roof, and migration of the volatiles down pr~ssure and temp erature 
gradients depressed the melting point of the magma. Reso1idification 
after essentially lateral movement would occur when the melting-curve was 
re-crossed. Observed disseminated mineralisation at Zaaiplaats is i n 
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roof zones of the granite, and the perplexing pipes may represent the 
last stage expulsion of vapour plumes of highly vo1atised fluids and 
gases . 
Where roof-rocks were fractured, either by confining pressures exceeding 
1 ithostati c pressures, or by tectoni c movements along pre-exi s ti ng or 
forming new fractures and fissures, volatiles were able to escape and 
penetrate roof-zone lithologies. There appears to be a case for 
preferential mineralisation of certain lithologies - e.g. the shale at 
Union Tin, or arkose at Rooiberg. Earlier discussions have highlighted 
either the fracture or bedding plane control on cassiterite-tourmaline 
deposition. At Rooiberg, it is feasible that arkosite hosted 
mineralisation predates the main phase of mineralisation (fracture 
controlled) related to the Lebowa Granite. Observation of zoning in 
replacement 'pods' indicates probably two or three pulses of fluid, which 
woul d account for the often complex i nterrel ati onshi p between phases. 
The c 1 assi core depos iti ona 1 sequence in exogrei sen systems (worl d-wi de) 
is of oxides (cassiterite- wolframite-scheelite-hematite), then sulphides 
(po, cpy, py, aspy, sulphosalts), followed by carbonates (calcite, 
siderite, or as, at Rooiberg, ankerite) (Bentley 1982). 
The lower grade mineral isation generally mined at Rooiberg and Union 
coul d well be a functi on of di stance from source. Rooi berg 
mineralisation was no doubt enhanced by pre-existing fracturing as 
suitable channelways, plus the porosity of the arkosite. It is feasible 
that the lack of permeability of shales in the Union area may have 
prevented higher grades forming. 
Crocker (1979) draws attention to mineralogical associations such as 
hematite-quartz-fluorite within granites indicating roof zone fracturing 
and the 1 ike 1 i hood of ti n bei ng in roof rocks. The concurrence of 
fluorite and cassiterite in granites infers no fracturing of roof zone 
rocks. Telescoping of mineral assemblages may occur if fracturing is 
very 1 cte in the mi nera 1 is i ng phase. 
Finally, attention is also called to the concurrence of the fluorite 
deposits (and some tin) on intersecting NW/ENE (i . e Vryburg Arch-
Murchison trend) lineaments and fractures. It is held (Hunter, 1976; 
Wilson, 1979) that these are long lived fractures or tectonic zones 
within the Kaapvaa1 Province (see Fig. 3.29). Even today hot springs and 
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high F-content ground waters occur in areas of intersection of these 
lineaments. The role of intracontinental rifting in the development of 
the supracrustal sequences of the Kaapvaal Province is equivocal, however 
the close association of basin axes, extrusive centres, kimberlite 
occurrences, and the above described deposits may be fundamental to major 
extensi onal tectoni cs at vari ous stages of the Proterozoi c. The concept 
also holds for stratabound mineralisation (e.g. Rooiberg arkosites), 
whereby rifting would allow access of mineralised fluids (volatile) 
emanating from evolved granitic melts to penetrate into a domain possibly 
including water-sediment interfaces, or at least where not much 
compaction had occurred, and readily porous sediments were available for 
ore fluid permeation and deposition. 
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5.0 COt~PARISON OF ENVIRONNENTS AND If1PLICATIONS FOR Sn-I< EXPLORATION 
IN SOUTHERN AFRICA 
In view of the preceeding discussion, there are many common features 
between the various deposits, regardless of the given uniqueness of any 
substantial ore deposit (Table 17). Although only a limited number of 
geotectonic environments have been assessed, there is good evidence that 
specific metallogenic provinces can be assigned to a particular 
geotectonic setting, and that the chemistry of related granitoids plays a 
significant and definable role in the generation and emplacement of the 
ore deposits. Furthermore the role of greisenisation is apparent in all 
the Sn/W deposits di scussed (Table 17). Even though the morphology of 
the end ore occurrence is highly variable ie. exogranitic quartz veins, 
pegmatites, skarn or replacement bodies as opposed to endogranitic veins, 
pegmatites, primary disseminations, pipes and carbonas, th~ underlying 
mechanisms are largely similar in all cases. There appears a close 
spatial and temporal association of Sn and I< deposits with areas of 
crustal thickening and generation of S-type ilmenite series granitoids, 
especially in collision belts. These deposits resemble in terms of 
morphology and zoning the magmatic hydrothermal vein-type deposits 
associ ated with I-type magnetite seri es granitoi d intrusives in 
subduction related terrains. This is no doubt largely due to the 
hydrothermal fluids emanating from shallow-seated magmatic systems. As 
has been emphasised, the main differences lie in the granitoid chemistry, 
and the predominance of tin and tungsten in the former, and base and 
precious metals in the latter. If tin and tungsten do occur in arc 
systems, the deposits tend to be confined to the innermost zones of 
continental margi n arcs where the i ntrusi ons manifest a di sti nct S-type 
character. 
The Sn-W deposits described all exhibit a close spatial association with 
the roof zones of granites derived from the anatexis of continental 
crust, and emplaced during the late stages of orogenesis (Table 17). The 
underlyi ng common denomi nator and metall i c zonati on (where apparent) in 
all the deposits is alteration and metal deposition related to 
greisenisation (see 2.4). 
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Table 17: Comparison of the main geotectonic and metal l ogenie features 
of the Variscan, flalaysian and southern African Sn -W deposits 
LOCALITY GEOTECTON IC SETTING 
lberi an Bipolar subduction, 
Peninsula extensive crustal 
France anatexis, tectonic 
thickening. thrusting 
PREDOMINANT 
MINERAL DEPOSITS 
Gre1sen1sed stockworks, 
vein complexes or 
fissure l odes. local 
skarns/tactftes 
HOST LITHOLOGIES 
Variable lower 
Pal eaZOlC 
metasediments 
and carbonates 
PREDOMINANT RELATED 
GRANITOIDS, AFfILIATION 
TO HINERALISATI CN 
S-type ilmenite serfes. 
Two phases. Hi d-Carbonf ferous 
and late-Carboniferous 
to Permian. Mineralisation 
spatially associated with 
intrusive contacts 
Cornwall Continental collision. Grefsen bordered vein lower Paleozoic 
swarms and fissure veins shelf and deep 
water flysch 
sediments 
Overall affini t ies to S-type 
ilmenite series, derived 
from crustal anatexis 
Peninsula Possibility of granites 
S.W. England tectoni cally emplaced 
H.lay 
Peninsula 
Damara 
Province 
Namibia 
Saldanla 
Province 
South Afrl c. 
au il'ric 1 d 
Complex, 
South Africa 
(thrust from sO 
2 phases of subduction, 
followed by continental 
co11is1 0n 
Alluvial tin derived Lower Pal eOla; c 
from grefsenised vein flysch type 
swarms. l ocalised skarn- sed iments 
repl acement 
mineralisation 
Minn spatially r~lated to 
roof and border. zones of 
high level post-tectonic 
granites (303- 26Sma) 
S-type ilmenite series 
gr anitoids (Permian-Triassic) 
~Iinn spatially related 
to outer zones of apical 
portions of intrusive plutons 
Intracontinental rifting Grefsenised vein swarms, late Proterozoic S-type ilmenite series 
granitoids (anDrogeni c-type) 
tHnn mostly exogranitfc. 
spatially related to apical 
and intrusive contacts, 
circular structures 
hotspot magmatism?, small pegmatHes, skarn and -Early Cambrian 
ocean development, replacement bodies turbiditic and 
closure with collision shelf sediments 
and/or 1 imited subduction. 
Substantial anatexis of 
continental crust 
Intra- or inter-continental 
rifting (more passive 
margin tectonism). 
Extensi ve stretching and 
thinning of crust, followed 
by closu~e, listric 
(aul ting and thrusting 
An(H'ugen f c (hot-spot j) 
massive layered ultramafic 
complex with associated 
late stage granitic 
di fferent i ates 
Gre1senised fi ssure 
vei ns 
locally greisenised 
fl ssure lodes, 
replacement bodies, 
primary dfsseminations 
in granite 
(schists, marbles 
calc silicates) 
Late Proterozoic Dominantly S-type ilmenite 
-Early Cambrian series, primary mineralisation 
turbiditic me ta- in granite roof zones and 
sediments, lesser metasedimentary roof 
carbonates pendants 
Granophyre and High level dffferf:nti ated 
felsite of Bushveld granites from crustal fusion 
Complex, Proterozoic and anatexis (Prob. S-type 
carbonates ilm . affinities exo- and 
(Transvaal S. C. ) and endo-granitic mine rali-
quartzofel dspathi c sat ion 
sediments 
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5.1 Implications for Sn-W exploration in southern Africa 
An immediate conclusion from the above discussion is that there is ample 
scope and potential for Sn-W exploration in southern Africa. The 
Bushveld Complex ranks as a priority area for any Sn exploration, and 
potential target areas are detailed by Crocker and Callaghan (1979), and 
will not be expanded upon here. In terms of the Cape Province and 
Namibia there is very good potential for an integrated assessment of the 
granitoid terranes. By this one emphasises the need for a fresh approach 
to exploration, utilising existing data (if available), but above all 
approaching the task in a systematic manner. 
In the context of the present work, an important first step in any such 
exploration progralTl11e is the recognition of S-type ilmenite series and 
I-type magnetite series granitoids. Furthermore this approach could aid 
the delineation of metallogenic provinces - the SW Cape granitoids appear 
to show affinities to porphyry Mo-Cu-W? and greisen Sn-W provinces. This 
necessarily will constrain working exploration models, and ultimately the 
type of ore deposit explored for. 
It is contended here that in the Damara and Saldanian Provinces a prime 
target should be an intact endo-exogreisen sysem ~ associated skarn-type 
replacement deposits. The latter appear more likely in the Damara 
Province (e.g. Brandberg North) because of the presence of fairly 
substantial marble horizons intercalated with the Kuiseb schists. These 
deposit types should not be overlooked as they provide small tonnage high 
grade ore (e.g. around 1000t @ 6-20% Sn) which would bolster the larger 
tonnage lower grade (e.g. 10-40mt @ 0.2-0.6% Sn + W0 3) greisen bodies. 
Considerable potential for exogreisen systems must lie within the 
~Ialmesbury Group metasediments in the Sal dania Province. The methodology 
in exploring these terranes (which is applicable to any Sn-W exploration 
progralTl11e) is outlined below. There is a necessary bias to S-type 
ilmenite series granitoids, but, if W is the prime commodity, I-type 
magneti te seri es granitoi ds must also be assessed for porphyry W-Ho-Cu 
systems (e .g. especially in the Cape Province). 
Integrated exploration is strongly advocated, with gradually more refined 
target assessment and evaluation. The methodology utilised can be 
broadly divided (for ease of discussion) into geological, remote sensing, 
geochemical and geophysical parameters. 
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Geo logy 
r~ineralisation is most likely to be spatially related t o an ate ctic S- ty pe 
ilmenite series granitoids. ~letal association is enhan ced with i n the 
youngest, most differentiated granites within a fracti onal 
crystallisation sequence from hornblende granodiorite, through biotite t o 
biotite-muscovite granites. Mineralised areas are usually spatiall y 
related to intrusive contacts, and may be manifest as stockwork veins, 
single or multiple fissure veins with attendant greisenisation, 
pegmati tes, as well as skarns where carbonate 1 ithol ogi es are intruded. 
Placer deposits of Sn are a good indicator of a primary source. 
Geological mapping on regional and local scale (in that order) is 
imperative, with special close scrutiny and allied lithogeochemical 
sampling (see below) of all roof zones and pendants. The identification 
of vein systems and greisenisation of wall rocks is important. 
Reconnaissance drilling leading to detailed drilling should support 
geological observations, and be sUbstantiated by bulk sampling for 
realistic grade evaluation. 
Petrographic studies 
drilling. This is 
assessment of areas, 
cordierite hornfels) 
should be integrated with all stages of mapping and 
an important parameter in regi ona 1 and 1 oca 1 
as the detection of thermal aureoles (e.g. biotite-
and superimposed greisenisation is often not readily 
perceived in hand specimen. Such stUdies also provide a necessary basis 
and understanding for 1 ithogeochemica 1 studi es, and are essenti al for 
assessing the likely pOSition one may be within a given system i . e. how 
far away from a mineralised cupola. 
Remote Sensing 
Reconnaissance studies must include Landsat imagery and aerial photograph 
i nterpretati on. Such studi es ai d del ineati on of major 1 ithol ogi es and 
structures, including collapse ring structures (e.g. Brandberg North). 
The reccg~iti en of dyke patterns may el uci date structural patterns that 
have guided the emplacement of mineralised granite apophyses, and may 
also have petrochemical relationships to possible underlying Sn-W-bearing 
granitoids. 
Geochemi stry 
Coupl ed with geologica l ma pping, geochemical stud i es are seen as a ma j or 
fa cet of exploration for Sn/W ore bodies in the Damara and Salda ni an 
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Provinces. Related granitoids are likely to be specialised in Sn W, with 
enrichment also in U, Mo, Bi, Pb, Cu, Zn and incompatible elements such 
as Li, F, B, K, Rb, Nb, etc.). A thorough integrated geochemical survey 
allied with mapping prograrrrnes is advocated. Regional stream sediment 
and lithogeochemical sampling should delineate any Sn-W (or r·lo-Cu) 
provinces. In the 1 atter regard it is important to note that there are 
numerous methods by which to geochemically discriminate granitoids -
including graphical plots such as K20/Na20:Si02; Na20:K20; 
K:Rb; Rb/Sr:Ti/Zr; Ti :Nb; Ti :Sn; Ti :Mg:SnxlO. A regional zonation 
pattern may also emerge, usually with Sn-W rich cores and base metals 
outside. Uiffuse base metal vein mineralisation may be a distal 
manifesta ti on of subsurface Sn-W mi nera 1 i sati on. Of note is a common 
spatial (i.e. lateral) association of W (scheelite) - Au mineralisation 
(Bentley, 1982), emphasising the need to analyse for Au in these 
environments. 
Geochemisty can also be utilised to delineate alteration haloes, 
including contact metamorphism and pervasive to weak hydrothermal 
a lterati on. An approach i ntegrati ng petrography, 1 i thogeochemi stry and 
soil geochemistry· (K20, Na2' B, F, Sn, W, r~o, As, Cu, Pb, Zn) is 
advocated. Regi ona 1 stream sediment and soil surveys must be i ni ti ated 
with orientation surveys to optimise elemental response to given 
dispersion patterns. In this respect completely different sieve size 
fractions would be utilised in the Damara and Saldania Provinces due to 
the vastly different climates (arid-semiarid vs moist). It is likely 
that coarser mesh sizes (e .g . #30 mesh) may prove more applicable in the 
former, whilst finer (e.g. #80 mesh) will have a better response in the 
wetter Cape Province climate . Stream sediment sampling should include 
heavey pan concentrates. The use of an ultraviolet lamp for detection of 
scheelite mineralisation in pan concentrates and rocks should not be 
overlooked. 
Geophysics 
Not many geophysical techniques are directly applicable to the 
exploration for Sn-W deposits. Of note is the determination of the 
magnetic susceptibility of granitoids, which significantly aids 
discrimination of S-type ilmenite series (less than 1 x 10-4 emu/g) and 
I-type magnetite series (more than 1 x 10-4 emu/g) granitoids (Ishihara 
et al., 1979; Ishihara, 1981). This also has direct repercussions in 
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detection of metallogenic provinces. Radiometric surveys, such as gamma 
ray spectrometry, may be utilised for detecting anomalous K (implying 
potassiC alteration) and U levels in granitoids (U is usually enhanced in 
specialised and mineralised granites vs non-mineralised). Magnetic 
surveys may aid detection of skarn-replacement type deposits, whilst to a 
lesser degree induced polarisation and electromagnetic techniques may aid 
in the detection of disseminated sulphides (e.g. in porphyry systems) and 
intrusive contacts respectively. 
All these parameters have to be assessed in terms of cost, time, and 
efficiency so as to be utilised to their fullest potential within the 
framework of the expl orati on programme. Expl orati on in both the Damara 
and Saldanian Provinces necessitates confident yet careful, well executed 
methodology, plus patience and persistence. The only truly effective way 
of exploring for largely blind deposits is by an integrated approach, and 
prospecting companies have to be prepared to adopt this policy if they 
want the optimum long-term pay back on their initial, often substantial, 
outl ays. 
- 159 -
6.0 CONCLUSIONS 
The most important conclusion of this work is that a careful analysis of 
the geotectoniC setting of granitoids can provide a very good basis for 
exploration for Sn-W deposits. There are diagnostic geochemical 
differences between granitoids associated with greisen Sn-W deposits and 
porphyry f.to-Cu deposits, which can be attributed to the geotectoniC 
environment within which granitoid genesis took place. In particular it 
has clearly been emphasised that Sn-W greisens can be sought in areas 
where there has been significant tectonic thickening, crustal melting and 
anateXis, and that these environments are specifically related to 
vari abl e manifestati ons of ensi al i c orogeny and regi on all i sed hot spot 
magmatism, as well as collision related tectonics. There appears a very 
good correlation of Sn-W mineralisation to S-type ilmenite series 
granitoi ds. In this respect the Damara and Saldanian Provinces in 
southern Africa have good potential for the discovery of significant ore 
bodies - especi ally the former, where preservati on, exposure and erosion 
levels are favourable. 
Mineralisation associated with S-type ilmenite series granitoids is 
manifest in many forms, of which those inherent to the greisen 
environment (exogrei sen fi ssure vei ns, stockworks and repl acements pl us 
endogreisen veining and primary disseminations) are the most significant 
in terms of economic production. It is concluded that careful assessment 
using integrated exploration methods of granitOid terranes and indicator 
signs within and peripheral to intrusive contacts and roof zones (such as 
contact aureole hornfelsing, with superimposed greisenisation) are a 
viable means of initiating exploration for blind or only partially 
exposed mineralised systems. 
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APPENDIX 1 : Recognition of magnetite- and ilmeni te-seri es 
granitoids in the field (extracted from Ishihara, 
1981 p.480). 
\\ Identification of the two se ries is easy in the field 
with the aid of a hand magnet and by observing heavy 
minerals concentrated on weathered surfaces. If a 
rock is identified as magnetic by the hand magnet, it 
generally belongs to the magnetite series. A magnetic 
susceptibility meter helps significantly in identifica-
tion. ~'leasurements cannot always be done on fresh 
outcrop. Care should be paid to pyritization of mag-
netite related to weak hydrothermal alteration; the 
pyritization is usually recognized by visual inspection. 
Hematitization of magnetite on weathered rocks can 
be ignored , because more than 50 percent of the mag-
netite remains in completely decomposed, loose 
granitoids. Complete hematitization has so far only 
been observed in hydrothermally altered rocks, 
which can be identified by the presence of altered sili-
cate minerals. 
Typically, the rock type can be recognized by the 
mineralogic characteristics of the ferro magnesian 
minerals . Biotite is most useful because it occurs uni-
versally. For ilmenite series rocks biotite has a red-
dish brown Z color in thin section and a greasy black 
color in hand specimens. whereas it looks more 
greenish in magnetite series rocks, with a Z color of 
greenish brown under the microscope. Primary mus-
covite, which constitutes muscovite-biotite granite, is 
found only in ilmenite series granitoids. Pyrrhotite is 
readily decomposed in air, so that ilmenite series 
rocks containing pyrrhotite can be readily identified 
by limonitic spots or irregular staining. even on fresh 
outcrop . If bulk chemical data are available before 
field work, the ferridferrous ratio is a useful adjunct 
to proper identification. 1/ 
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